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ABSTRACT
Resistivity and Hall effect measurements have been made as a 
function of both temperature and hydrostatic pressure on a number of 
different 111—V semiconductor materials as well as on structures based 
on these materials exhibiting two dimensional electron behaviour. These 
measurements have been used to study the mechanisms by which electrons 
can be scattered.
In fairly high purity GaAs and InP very good agreement between 
theory and experiment could be achieved using standard models for 
scattering and an iterative technique for solution of the Boltzmann 
transport equation. This agreement was found to become progressively 
worse as the impurity density increased. Much improved agreement was 
obtained considering the correlation in impurity positions frozen into 
the crystal during growth.
Hydrostatic pressure was also used to move a deep level in 
(AlGa)As through the conduction band edge. By this means resonant 
electron scattering by the central cell potential of the deep level was 
observed. Such scattering has been proposed theoretically but to the 
author’s knowledge has not previously been observed experimentally. The 
scattering rate deduced from the experimental results was found to be 
in very good agreement with theory. .
Measurements were also made on heterostructures in the 
(GaIn)As/InP material system at high pressure at room temperature and 
down to 4K. These measurements demonstrate the contribution that 
pressure can make to the study of scattering in 2D systems and suggest 
that current theories of scattering in 2D cannot satisfactorily 
describe experimental results.
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L IS T  OF SYMBOLS USED
a range of scattering potential
aE: Bohr radius for hydrogen atom
a.:. lattice constant
B magnetic field
c sound velocity
Ci average longitudinal elastic constant
Ct average transverse elastic constant
c,., components of elastic tensor
D diffusion constant
Do optical deformation potential
e electronic charge
E energy
Ed donor binding energy
Ee Fermi energy
Eh binding energy of hydrogen atom (rydberg)
Ee electron kinetic energy associated with in­plane motion
En threshold energy for electron to diffuse
En energy of resonant level
Et total electron energy
a e <_ conduction band discontinuity
AEv valence band discontinuity
Er,X ,t_ band gap to f,X,L minima measured from the top of the valence band
e> a component of piezoelectric tensor
Ei conduction band deformation potential
f van der Pauw correction factor for contact asymmetry
f electron distribution function
fo Fermi-Dirac distribution
F electric field
gCki part of the perturbation of f associated with F
GCk’.k) overlap integral
il Planck’s constant divided by 2m
h(k> part of the perturbation of j associated with B
k electron wavevector
K compensation ratio
kB Boltzmann's constant
kp Fermi wavevector
k>.. tkv- .k^ components of electron wavevector
k<:. wavevector at band minimum
L well width
m particle mass
m* electron effective mass
m*' (z) local effective mass
in ci effective mass of donor-bound electron
mo free elecron mass
M crystal mass density
M u matrix element for scattering in two dimensions
Mi i.i matrix element for scattering in three dfraensions
n electron density
NCE) density of states for electrons
hh Hall electron density
N i impurity density
No density of neutral impurities
n.* areal electron density
nt density of electrons in deep traps
Nt deep level density
n (u.© optical phonon density
P momentum operator
P piezoelectric coefficient
P pressure
q phonon wavevector
Q in-plane component of phonon wavevector
r position vector
R resistance
R correlation length of potential
R total screening length
Re, ,fc> ,c resistances measured in van der Pauw technique
rH Hall scattering factor
Rh Hall coefficient
R,, Thomas-Fermi screening length
Ro Debye screening length
S (a) randomness parameter in alloy
S(k'.k') electron scattering rate from a state lk> to a state lk’>
SeO total elastic scattering rate
s, inelastic in-scattering rate
So inelastic out-scattering rate
t time
t thickness
T temperature
To threshold temperature for impurity diffusion
Uk Cr) cell periodic part of Bloch function
Ui average longitudinal sound velocity
AU alloy scattering potential
v electron group velocity
V contining potential for 2D electron
V._.. central cell potential
x alloy composition parameter
X cosine of scattering angle
a non-parabolicity parameter
a numerical factor in theory of correlated impurity scattering
ar,x,L. fraction of conduction electrons in r,X,L minima
at.h thermal expansion coefficient
a, parameter in Varshni relation
inverse screening length 
J3i parameter in Varshni relation
t rms deviation of random potential
6 degeneracy of deep level
e bound state energy of 2D electron
e-s low frequency permittivity
♦
high frequency permittivity 
€o permittivity of free space '
X pressure coefficient of resistance of manganin
p mobility
jj.o drift mobility
}j.h Hall mobility
)j.r.x.L mobility of electrons in r,X,L minima
p resistivity
<r conductivity
T electron momentum relaxation time
4 <z> z-dependent part of electron envelope function
X augmented density of states for a non--parabolic band
? electron wavefunc-tion
y e r envelope function for 2D electron
o angular frequency of phonon
(Jo angular frequency of optical phonon
(Ola angular frequency of longitudinal optlc phonon
(Oto angular frequency of transverse optic phonon
Q primitive cell volume
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1INTRODUCTION
Semiconductor devices based on III-V semiconductors such as GaAs 
and InP are becoming increasingly widespread, particularly in
optoelectronic bommunications systems where semiconductor lasers and 
detectors have been used commercially far a number of years. There is 
also considerable interest in the use of these materials for other 
devices and integrated circuits which may lead to substantial increases 
in the speed of computing systems. In addition to the use of the 
materials themselves, it is also possible to fabricate structures from 
them in which the electronic properties are very different, with the
dimensions of the structure changing the physical properties of the 
device. In these structures the electrons exhibit two <or fewer) 
dimensional behaviour. This enables new classes of device to be 
designed, as well as improvements made to existing ones, and promises to 
lead to very important technological applications.
A good understanding of the electronic properties of these 
materials and structures is clearly vital if their full potential is to 
be exploited. A powerful and commonly used technique in material 
assessment is to measure the electron density and mobility and analyse 
the results to obtain information about the mechanisms limiting the
conductivity. These may be intrinsic to the material or due to 
imperfections introduced either deliberately or accidentally during 
crystal growth. Such analysis carried out at different temperatures 
gives some information about these mechanisms which can test theories 
of electronic processes in semiconductors. The application of
CHAPTER 1
2hydrostatic pressure modifies the electronic properties as a result of 
the change in the atomic separation and an important test of theoretical 
models is their ability to account for the additional degree of freedom 
introduced by pressure.
In this thesis are reported results of measurements of the electron 
density and mobility in a variety of III-V semiconductors and two- 
dimensional structures, made as a function of both temperature and 
pressure. Analysis of these results sheds some light on the ways in 
which electrons are scattered by impurities in three dimensions and also 
yields information on the transport properties of two dimensional 
systems.
The thesis is organised in the following way: in Chapter 2 the 
crystal structure and band structure of III-V semiconductors and their 
alloys is described. In Chapter 3 some of the basic properties of two 
dimensional semiconductor systems are briefly discussed. Chapter 4 deals 
with some basic aspects of electron transport theory and also describes 
theories of the important electron scattering mechanisms in both 3D and 
2D. Chapter 5 outlines the material parameters used in the analysis and 
Chapter 6 describes the experimental techniques and apparatus. Chapter 7
describes and discusses results obtained for GaAs and InP, and in
✓
Chapter 8 electron transport in (AlGa)As is investigated, including the 
observation of scattering from the central cell of an impurity. Chapter 
9 gives an account of our investigations of the two-dimensional electron 
gas formed at the interface between (Gain)As and InP and in Chapter 10 
some conclusions are summarised and extensions of this work for future 
study suggested.
3Almost all the crystals that pair elements from columns III and V 
of the periodic table assume the zincblende structure which is shown in 
Figure 2.1. This is similar to the tetrahedral diamond lattice formed by 
the Group IV elements carbon (diamond), silicon, germanium and a-tin. In 
the zincblende structure equal numbers of dissimilar atoms (e.g. group 
III atoms and group V atoms) are distributed on the diamond lattice so 
that each atom has four of the other sort as nearest neighbours. The 
zincblende structure may be regarded as two interpenetrating face- 
centred cubic (f.c.c.) lattices displaced by one quarter the length of a 
body diagonal of the cubic cell. This emphasizes the cubic symmetry of 
the structure and distinguishes it from the wurtzite structure which 
also has tetrahedral coordination but in which the underlying symmetry 
is hexagonal.
The atoms of group III have three electrons in an s^p1 
configuration in their outer shell while the group V atoms have five in 
an s:£p 3 configuration. The resultant bonding is of sprj hybrid type and 
is primarily covalent, although there is a tendency for excess negative 
charge to accumulate around the V atom leading to seme ionic character 
in the bond (Ashcroft and Mermin (1976)).
In Figure 2.2 is shown the first Brillouin zone for the f.c.c. 
lattice, appropriate to the description of particle states in the 
periodic potential of the zincblende structure. The most important 
symmetry points and directions are indicated.
CHAPTER 2
CRYSTAL STRUCTURE AND BAND STRUCTURE
2 . 1  CRYSTAL STRUCTURE
) Group 3 Atom 
Group 5 Atom
Fig;. 2. 1: Unit cell of zincblende structure
Fig. 2.2: First Brillouin zone of f.c.c. lattice
5The quantum mechanical description of electronic states in 
crystalline materials leads to the concept of the band structure, which 
describes the energy-momentum (E-k) relationship. Electrons are 
generally regarded as being independent particles interacting with a 
potential due to the positively charged ion cores and the negative 
valence electrons. This potential Is clearly periodic with the 
periodicity of the lattice and so, according to Bloch’s theorem the 
electron wavef unction, y, can be written in the form, (Ashcroft and 
Mermin (1976),
yK-(r)= exp( i k . r ) u k (r) (2.1)
where uw (r) is a periodic function with the periodicity of the 
lattice .The electron energies can then be calculated as a function of the 
wavevector k and plotted for values of wavevector lying along high 
symmetry lines in the first Brillouin zone. Figure 2,3 shows such a band 
structure for GaAs which is typical of III-V semiconductors (Chelikowsky 
and Cohen (1976)). For each value of k it is seen that there are several 
allowed values of electron energy. These values can be labelled by a 
band index n, and the quantities n and k can be used as quantum 
numbers to describe states and the transitions "between them. In the 
zincblende structure there are two atoms, and hence eight valence 
electrons in each primitive cell and two electrons per atom per band are 
allowed by the Pauli principle. This means that the bottom four bands in 
Figure 2.3 are required to accommodate the valence electrons. Above these 
four valence bands is a region of energy in which there are no allowed
2 . 2  BAND STRUCTURE
s e m i c o n d u c t o r s .
F i g . 2 .  3:  E n e r g y  b a n d  s t r u c t u r e  o f  G a A s -  t y p i c a l  o f  I I I - V
electron states and then another series of bands, the conduction bands 
which are empty in a perfect crystal at absolute zero. The lowest 
conduction band is the most important for electron transport and has 
three pronounced minima, one at T, the Brillouin zone centre and the 
others along the <111> and <100> directions known as the L and X
minima respectively. It is clear from Fig.2.2 that there are 4 and 3
equivalent minima at the L and X points respectively. In most of the
III-V compounds the lowest minimum of the conduction band is at F\ at 
the same k value as the valence band maximum and it is this property 
that gives the materials their high efficiency in emission and 
absorption of light on which rests much of their technological
importance.
2 . 3  E F F E C T I V E  MASS AND DENSIT Y OF STATES
At low electric fields electron transport is dominated by the few 
electrons excited into the conduction band which are found close to the 
band edge (within k&T of it). In this region, about k=ko, the energy vs. 
wavevector relation can be expanded as:
E <k)  = E ( k o )  + A ( k —fco>^ (2.2)
where the first order term is zero since we are at- a minimum and A is a 
positive constant. It is conventional to define an effective mass, m* by:
6and having done this, the dynamics of an electron can, in many 
circumstances, be described as those of a free particle of mass m* with 
hk, the crystal momentum, playing the role of the particle momentum. 
This introduces a great simplification since the influence of the crystal 
periodic potential is taken into account within the effective mass and 
so the effective mass is a very important parameter in describing 
transport properties. The band-edge effective mass can be defined as the 
inverse second derivative of the electron energy with respect to crystal 
momentum at the band minimum. It is thus dependent on the shape of the 
band structure near the band minimum. This may be well described using 
k.p perturbation theory (E.O, Kane 1957,1966) which uses several 
empirical parameters defined at a special point (usually D  to determine 
the band shape close to the high symmetry point to high accuracy. Away 
from the energy minimum the dispersion relation is not strictly 
parabolic and this leads to a modification to the simple model which can 
be expressed either through a k-dependent effective mass or by 
introducing a non-parabolicity, a, such that,
E(k)[ l+«E(k>] = (2.4)
where E and k are measured from the minimum. This is the way non- 
parabolicity is incorporated into our analysis.
Often, measured quantities are weighted sums over electron states 
of various one electron properties. This sum over states is over all 
values of k lying in a single primitive cell. In the limit of an infinite 
crystal, which is implicit in effective mass theory, the allowed values 
of k become very close together and the sum may be replaced with an
9integral. The volume in k-space associated with each allowed state turns 
out to be the same as for free electrons. The density of states per unit 
volume lying in the energy range E to E+dE per unit energy, g(E), can be 
written as
where the integral is performed over the surface of constant energy, E 
for a single spin direction and a single band. Using the parabolic band 
structure near the band minimum given above and spherical constant 
energy surfaces as are found at the V point of the zincblende 
semiconductors, we obtain,
so the density of states has a quadratic dependence on E.
2 . 4  ALLOY SEMICONDUCTORS
By alloying the binary III-V compounds suitably, band structure 
parameters can be ’tuned* to optimise such things as the fundamental 
energy gap (and hence, for example, the operating wavelength of 
optoelectronic devices). The basic assumption of most models of alloy 
properties is to take an average lattice constant and potential, and then 
to treat the alloy as a perfect crystal (the virtual crystal 
approximation introduced by Nordheim (1931)). Departures from perfect 
periodicity, as are known to occur on a short range scale
(2.5)
(KIkkelsen and Boyce (1983)), clustering, strain and lattice mismatch 
are then treated as perturbations. Using this sort of scheme many 
properties of the alloy semiconductors can be estimated quite accurately 
from the properties of the binary constituents (see Jaros (1985) for a 
critical review of the electronic properties of semiconductor alloys).
In epitaxial growth of semiconductor crystals, the epitaxial layer 
is grown on a single crystal substrate. The availability of substrates 
of almost dislocation-free, high quality material is a severe limitation 
in the selection of a suitable allay system to optimise a given material 
parameter. Almost all growth of 111—V layers is done starting with 
substrates of either GaAs or InP and to avoid introducing local strains 
near the substrate-epilayer interface, the epilayer and substrate must be 
lattice-matched. In other words the lattice constant of the alloy 
material must be chosen to be the same as that of the substrate. This 
constrains the possible alloy systems that can be grown as strain and 
dislocation-free epilayers.
Figure 2.4 shows band gap plotted against lattice constant for 
several 111—V semiconductor materials. AlAs and GaAs have nearly the 
same lattice constant. This means that the alloy Al^ Ga-i -^As can be 
lattice matched to a GaAs substrate over the full alloy range, giving a 
range of band gaps from 1.4eV to 2,2eV at 300K. This property has led to 
the wide use of this system in optoelectronic devices and in the two- 
dimensional systems to be discussed later. Another much used alloy 
system is the quaternary alloy Ga^Im - :>rAsyPi ~y , which lattice matches to 
InP for alloy compositions that satisfy y=2,lx and gives a range of band 
gaps from 0.80eV-1.35eV. The ternary alloy (y=l> is a special case of 
this system which has also had considerable interest shown in it as a 
component of two-dimensional structures, a study of which forms part of 
this thesis.
10
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Fig.2.4: Band gap vs. lattice constant for various
semiconductors.Sol id lines indicate some common alloys.
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B A S IC  THEORY OF LOW DIMENSIONAL STRUCTURES
3 .  1 LOW DIMENSIONAL STRUCTURES
A low dimensional structure is a theoretical concept which requires 
confinement giving no degree of freedom in one or more directions and 
translational invariance along the other directions. Two-dimensional 
electron systems can be approximated in a number of different systems. 
These include electrons on the surface of liquid He (Grimes (1978) >and 
at the Sl/SiCh interface of a Si-MQSFET (Schrieffer (1957), Fowler et al.
(1966)). The properties of semiconductor alloys can also be exploited to 
realise two-dimensional behaviour (Dingle (1975)). Ando et al. (1982) 
have written a review of various types of two-dimensional system 
introducing much of the basic theory. If an array of lattice matched 
semiconductor layers is grown, and interface effects ignored, an 
electronic structure that varies in space in a controlled way can be 
produced (Hess (1982)). Figure 3.1a shows an example of this. A layer of 
GaAs is sandwiched between layers of the wider band gap (AlGa)As. The 
top of the valence band and the bottom of the conduction band are shown 
plotted against distance, lined up on an absolute energy scale. The 
resulting potential for electrons at the V point of the GaAs consists of 
a well with rectangular potential barriers perpendicular to the layer 
planes. If the GaAs well regions are made thin enough, smaller than the 
electron de Broglie wavelength, the electron will have reduced freedom 
to move perpendicular to the layers and this confinement will lead to a 
series of 'particle in a box' bound states in one dimension. In the other 
two dimensions there is no confinement and so there is a wide range of 
allowed energies associated with motion in the plane of the well.
CHAPTER 3
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Energy
ig.S.la: Schematic d i a gram of GaAs/AlGaAs square well
show!ng bound st ates 
b: Dispersion relation for in-plane motion
of electrons 
c: Total electron density of states.
Solid line- two dimensional system.
Dashed line- three dimensional envelope.
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3 . 2  E L E C T R I C  QUA NTISATION
Let us now consider some general aspects of quantum confinement in 
two-dimensional electron systems. If the discontinuity of the Bloch 
functions at the interface between the two materials is ignored, the 
wavefunction of the electron localised in the well can be written as a 
product of two functions- a periodic (Bloch) component and a slowly 
varying ’envelope function’. This approach is very similar to that used 
to describe shallow impurity levels. Assuming that the effective mass 
approximation is valid (Jaros (1985)) i.e. the wavefunction is 
delocalised (Kahn (1957)), the Schrodinger equation for the envelope 
function yen may be written as (Zawadski (1984)),
where p Is the momentum operator and V is the confining potential (the 
periodic crystal potential already having been taken into account in the 
effective mass). If the potential is one-dimensional V=V(z), we look for 
solutions of the form,
where k:,; and ky are the components of the electron crystal momentum in 
the plane of the well. Substituting this in (3.1) gives,
E (3.1)
y = A exp( ik:«:X +ikyy ) /(z) (3.2)
c + v<z> )2 m T € ff (3.3)
where e is the bound state energy level in the well, the energy 
associated with in-plane motion Ek being given by,
Ei, = (k.c2 + ky 2 >. <3.4)2 nr •
The positions of the quantum levels can be obtained simply for 
several special cases of the potential V(z) by solution of the eigenvalue 
equation (3.3). To take a simple example, consider an infinitely deep 
potential well. This potential is,
V(z) ~ 0 for 0 < z < a
(3.5)
VCz) = oo for 0 > z > a
In this case the wavefunction for 0 > z > a is zero while for 0 < z < a,
equation 3.3 reduces to motion of a free particle. Seeking a solution of
the form,
4 = c.sin(kz+6') with
k = (2 me/-If2)1* by substitution into (3.3)
and applying the boundary conditions 4 = 0 at z = 0 and a, we obtain,
6 = 0, ka = m  with n an integer
giving e = (x;2h2/2ma:;?)n3' , n = 1,2,3...
There is thus an infinite series of bound states in the z direction. In 
general we have a series of two-dimensional electric subbands,
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the threshold of each being given by the well bound states as indicated 
in Fig.3.lb. For a well of finite depth there will be a finite number of
bound states in the well, with a continuum of states above the top of
the well. The level separation decreases as the well width increases, 
more bound states appearing in the well.
3.3 DENSITY OF STATES
The total energy Et for a two-dimensional electron is given by,
Er = Ei,: + € (3.6)
corresponding to the sum of kinetic energy in the plane of the 2D gas 
and energy of confinement perpendicular to this. To determine the 
density of states we must sum over all states with the same energy. The 
area in k-space associated with each state is (per unit area) l/(2m2) 
so, for one subband, the density of states, (N(Ek)), is, using (3.4) and 
integrating in polar coordinates between two circles of constant energy:
N (Ek ) = iri*: / (2 ) (3.6)
for a given spin. Hence each subband contributes a constant density of 
states and the total density of states will have a step whenever
the threshold energy for occupation of a subband is reached. The total, 
stepped density of states is shown in Figure 3.1c together with the
three-dimensional density of states function which varies as E^. This 
two-dimensional density of states was revealed experimentally in
GaAs/AIGaAs by Dingle (1975), The system is only strictly
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two-dimensional if there is only one subband occupied. As more subbands 
become populated at higher temperatures or for wider wells,the effects 
of confinement become reduced as the electron begins to have some 
freedom to move perpendicular to the layer plane and the stepped density 
of states tends to the quadratic three-dimensional form.
3.4 E F F E C T I V E  MASS
In an infinite crystal the concept of an effective mass is quite 
clear following as it does from the band structure which derives from 
the periodic crystal potential. In two-dimensional systems the electrons 
are very close to interfaces where the band-structure is strongly 
modified and normal to which translational symmetry is not preserved. 
In particular, the wavefunction within each material is a combination of 
Bloch functions appropriate to that material. In III—V semiconductors the 
lattice matching ensures that the crystallographic structure at the 
interface is not disturbed. The boundary represents mainly a change of 
the rapidly oscillating crystal potential and the Bloch functions on the 
two sides of the interface are very similar. The following boundary 
conditions may then be adopted (Bastard et al. (1984), White and Sham 
(1981), Altarelli (1983)),
i) the envelope function /(z) is continuous at the interface, 
ii) m*:_1 (z) (d//dz) is continuous at the interface.
The quantity m*(z) is a local effective mass which can be evaluated 
using a modified k.p theory (Lassnig (1985)). Analogous to the existence 
of a well defined band structure in alloy semiconductors, which derives 
from an averaging of material properties over several unit cells, the 
extent of the electron wavefunction means that the transition from one
15
band structure to another across a heterointerface can be described 
smoothly.
✓
CHAPTER 4
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ELECTRON TRANSPORT THEORY
4 . 1 ELECTRON TRANSPORT
If electrons are available in the conduction band, either by doping 
with suitable impurities or at high temperatures, for instance, they will 
arrange themselves among the available states in accordance with the 
distribution function, j(r,k,t) which gives the probability that the state 
with wave-vector k and position vector r is occupied at time t. If the 
system is perturbed by the application of an electric field, the motion 
of the electrons is described by the evolution of the distribution
function with time. Transport theory is concerned with the determination 
of the function f. Vith knowledge of this, the various transport
coefficients measured in experiments- the drift and Hall mobilities, 
conductivity and magnetoresistance can all be readily calculated.
There is a model of electron dynamics in a periodic potential, the 
semiclassical model, which predicts the evolution of an electron in 
position, r, and wavevector, k, in the absence of any collisions in the 
presence of applied electromagnetic fields. It relates transport 
properties to band structure and is valid for applied fields which are 
slowly varying on the scale of the electron wavefunction and not so 
large as to induce interband transitions. The justification of this model
is not discussed here but Zak (1968), for example, has attempted a
systematic derivation.
The equations of motion for an electron, in this model, are,
h ?  = +T = v<k) (4-1}dt b ak
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dt
where F and B are the applied electric and magnetic fields respectively 
and v is the electron group velocity.
In a real crystal at finite temperature electrons are scattered by 
perturbations to the periodic potential caused by thermal vibrations of 
the lattice and the presence of imperfections such as impurity atoms. 
This scattering, taken with the equations of motion above leads to the 
Boltzmann equation for the distribution function (see e.g. Ashcroft and 
Mermin (1976)):
+ v . ^ “ + F. ) (4.3)dt ft dk dt - 1 3 4 7
The terms on the left hand side describe the evolution of the 
distribution function in the absence of collisions and the right hand 
side describes the corrections to this due to the scattering of 
electrons. The collision term acts as a restoring force driving the 
system back to equilibrium. Solution of this equation in various 
approximations gives a description of classical transport parameters 
commonly measured in experiments (see e.g. Ziman (I960)).
4 . 2  IT E R A T I V E  SOLUTION OF THE BOLTZMANN EQUATION
The iterative solution of the Boltzmann equation (ISBE) is a 
numerical technique for obtaining the electron distribution function, and 
yields low field transport coefficients without approximation beyond
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that already discussed. It thus provides one of the most rigorous tests 
of transport theory when compared to experiment.
The technique used here in the analysis of the three-dimensional 
systems studied was developed in a number of papers by Rode (1970,1971) 
and Rode and Knight (1971), and later described by Rode (1975) in a 
review paper. The scheme, as used here, includes Fermi-Dirac statistics, 
nonparabolicity of the energy bands, and wavefunction admixture, The 
various scattering mechanisms are combined at the matrix element level, 
without first averaging over the electron distribution function as is the 
case in the relaxation time approximation to be described later. It does, 
however, assume that the scattering mechanisms are physically 
independent of one another.
Following Rode (1973), the perturbed electron distribution, j, in
the presence of an electric field F, and a perpendicular magnetic field, 
B, a situation which often occurs in experiment, can be written as
f (k) = f o (k) + pg (k> +qh(k) (4.4)
where fo is the equilibrium Fermi-Dirac distribution, p is the cosine of 
the angle between F and k and q is the cosine of the angle between BxF 
and k. The various scattering mechanisms may be characterised by a
function S(k’,k) which is the differential scattering rate for an 
electron in the state k to make a transition into the state k\ The 
details of these functions for various scattering mechanisms will be 
discussed later. For elastic scattering a relaxation time, T(k) can be 
defined by integrating over final states weighted by the scattering 
angle,
■ I1/T<k> = J  <1-X) S « i < k ’ ,k> dk* (4.5)
where X is the cosine of the scattering angle between k and k ’.
The iterative technique is based on manipulating the Boltzmann 
equation into a pair of coupled recurrence relations for the two 
functions g and h (Rode (1975)):
_ - <eF/tt) . <£{p/Sk) + SSi (hr)
" (S., + ve l ) (1 + $*> (4'6)
h Si (hi) - (eBF/b) . (Afo/tSk) + B5i (gi)
(S.,, + v.x) (1 + £*)
where,
J3 = (eB/m*x> + v e i ) (4.8)
and x is The augmented density of states for a non-parabolic band. The
total scattering rate has been written as the sum of elastic and
inelastic scattering rates and Si and So represent inelastic scattering 
into and out of the volume element dk. Convergence to better than 1% is 
generally obtained with about five iterations. Vhile perhaps one of the 
most accurate calculations of electron transport properties in
semiconductors, the ISBB suffers in that the effects of the various
scattering mechanisms are not individually apparent and their physical 
nature is somewhat obscured. A simpler and physically mare transparent 
approach to the solution of the Boltzmann equation is provided by the 
relaxation time approximation.
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The relaxation time approximation assumes that the distribution of 
electrons emerging from collisions at any time are independent of the 
distribution function immediately prior to the collision so that an 
electron retains no ’memory' of its motion before the collision took 
place. It is also assumed that if the electron distribution is the 
equilibrium distribution, collisions will not alter the form of the 
distribution function. These two assumptions mean that the rate at which 
f relaxes back to the Fermi-Dirac distribution, jo, is proportional to 
the size of the perturbation,
4 . 3  RELAXATION TIME APPROXIMATION
wit h  t (k> as defined in (4.5). The total relaxation time 
is calculated from,
summing as reciprocals the relaxation times, ii, of the individual 
scattering mechanisms. This approximation gives accurate results 
provided the predominant scattering mechanisms are elastic. If, within 
this approximation, we also assume that eaph mechanism has a 
k-independent relaxation time, since the resistivity, p, is inversely 
proportional to 7, we have,
1/t <k) E 1/t t <k> (4.10)x
P (4.11)
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This statement is known as Matthiessen's rule which is a valuable 
first step to predicting transport behaviour which allows the effects of 
different scattering processes to be separated. However its validity is 
limited and quite large errors may be introduced by its indiscriminate 
use.
4 . 4  TRANSPORT C O E F F I C I E N T S
An electron in a semiconductor accelerates under the influence of 
an applied electric field. It can be scattered by any one of a variety of 
mechanisms, to be described later, which retard the acceleration induced 
by the field. A steady state is achieved when the force from the field 
is balanced by the drag forces from the scattering at some terminal 
electron drift velocity. For low fields the drift velocity is 
proportional to the electric field and the constant of proportionality is 
termed the drift mobility, pD . This quantity is often calculated but the 
quantity most usually measured is the Hall mobility, pH obtained from 
measurements of the Hall effect where a perturbing magnetic field is 
also applied to the sample along with the electric field. The ratio of 
the two mobilities, Th , is known as the Hall factor and is dependent on 
the magnitude of the applied magnetic field,
T h (B> = P m <B>//Ao ' (4.12)
The mobilities, and hence the Hall factor, can be calculated by 
averaging the electron group velocity v, over the perturbed distribution 
function, f, determined from the Boltzmann equation.
The drift mobility is clearly related to the conductivity, <r, by,
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cr = n p o e (4.13)
where n is the electron density. Using Matthiessen’s rule, mobilities 
limited by different scattering mechanisms can be can be combined using,
1  /  /Ao =  E l /  jJLto i. ( 4 , 1 4 )
i i
which is a commonly used approximation.
4 . 5  SCATTERING MECHANISMS
Scattering of electrons out of states of definite k occurs when the 
periodic crystal potential is perturbed. The perturbation can be due to 
either thermal vibration of the crystal lattice, which is intrinsic to 
the material, or factors such as impurity atoms present in the lattice 
dependent on the particular sample.
If the perturbation energy is small, so that second order terms in 
the perturbation can be neglected, and if, in addition, the scattering 
potential decays faster than 1/r away from the scattering centre, the 
Bora approximation (e.g. Landau and Lifshitz (1977)) is valid. In this 
approximation the transition probability for an electron to go from a 
state lk> to a state Ik’} under the influence of a perturbation can be 
written as,
S ( k ' , k )  = ( 2 m / f t )  I < k ‘ I HI k> I :EN ( E ( k ’ ) ) (4.15)
where H is the interaction Hamiltonian and N(E(k*)> is the density of 
final states. The Born approximation is usually valid in the materials 
and structures to be considered here but its limitations will be pointed 
out in the next section.
4 . 5 . 1  V A L I D IT Y  OF THE BORN APPROXIMATION
The calculation of transport coefficients depends on the evaluation 
of transition probabilities for various scattering mechanisms. The Born 
approximation applies when the scattering potential may be regarded as 
a perturbation. This may be done when either of the two conditions
r
I VI << (4.16)
or
1 VI << fcv/a (4.17)
holds, where IVI is the depth of the scattering potential, a its range 
and v the particle velocity. Physically the first condition says that the 
potential energy must be much less than the kinetic energy of 
confinement to a volume of dimension a. When the first condition is 
satisfied, the approximation is valid for all velocities. It is always 
valid for large enough velocities from the second condition which we 
generally rely on to be satisfied It will be at high temperatures
(v2 a keT), For scattering from charged centres there is a problem since 
the range, a, is effectively infinite. This is usually overcome by 
introducing some cutoff associated with other impurities (Conwell and 
Weisskopf (1950)) or electrons (Dingle (1955), Brooks (1955), Herring
(unpublished)) and leads to an alternative criterion for validity (Rode 
1975)
4 k - ;/ £ =  >> 1 (4.18)
where is the inverse screening length which now defines the range of 
the potential and is temperature dependent. At room temperature,
4k2/j32 “ 3.3xioi8/D (cm -3) for GaAs and so the Born approximation is
valid for non-degenerate material, but breakdown of this approximation 
is to be expected for high carrier concentrations or low temperatures. 
For some of the heavily doped samples of InP and GaAs to be discussed 
later, the Born approximation is not valid and an alternative analysis 
not relying on the Born approximation is described.
4 . 6  PHONGN SCA TT ER IN G IN  THREE DIMEN SIONS
Interaction of electrons with lattice vibrations is an important
source of scattering in all the semiconductors and structures considered 
here at all but the lowest temperatures. The energy of vibrations is 
quantised and the quanta may be described as particles, phonons.
Following the same arguments of energy states in a periodic .potential as 
led to the electron band structure, a dispersion relation for phonons
can be derived. The energy of a phonon is fto, wliere o is the angular
frequency of the mode, and the momentum is hq, where q is the
wavevector which is a good quantum number for phonons as well as for
electrons, due to the translational symmetry of the lattice.
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The dispersion relation for phonons within the first Brillouin zone 
of GaAs, a typical zincblende structure crystal, is shown in Fig.4.1 (e.g. 
Dolling and Waugh (1965)). There are several branches to the dispersion 
curve, in this case two doubly degenerate transverse modes and two 
longitudinal modes making six in total. Generally for a crystal with n 
atoms per unit cell there are 3n degrees of freedom and so 3n branches 
of the <i>(q) curves. Three of these correspond to modes for which there 
is no vibration within a unit cell, the acoustic modes, for which the 
dispersion relation becomes w=cq at small q, where c is the sound 
velocity for the appropriate vibration. The remaining 3n-3 branches 
correspond to vibrations within a unit cell and hence are approximately 
constant in energy, broadened into a band by intercellular interactions. 
If there are dipole moments between pairs of atoms within a unit cell, 
these modes will be associated with an oscillating dipole and will 
couple strongly to electromagnetic waves. For this reason these modes 
are known as optical modes.
4 . 6 . 1  ACOUSTIC PHONON SCATTERING
There are two distinct ways in which acoustic phonons can interact 
with electrons in compounds such as GaAs. These are deformation coupling 
and piezoelectric coupling.
The deformation-potential interaction ■ ywith long-wavelength 
acoustic modes was proposed by Bardeen and Shockley (1950) and has 
been discussed by several authors, (e.g. Ziman (I960), Ehrenreich (1957)) 
The compression and rarefaction of the crystal by the acoustic mode 
leads to local changes in the lattice constant. The band gap in the 
electron band structure is sensitive to the atomic spacing and so the
acoustic phonons cause fluctuations in the conduction and valence band 
edges from which the electrons can be scattered. The interaction is very 
nearly elastic and equipartition is valid at temperatures above a few 
Kelvin. The scattering rate for this scattering is (Rode (1975)),
S ( k ’ ,k> = <e2 kB TEi 2 / 4 m :2-hcx >G(k‘ ,k)S (E-E’ ) (4.19)
where Ei is the deformation potential which is equal to the shift in the 
conduction band edge per unit strain, and Ci is an averaged elastic
constant for longitudinal modes (Zook (1964)), which are the only modes 
that can couple to electrons in the T minimum by this mechanism 
(Herring and Vogt (1956)). G(k',k) is an overlap integral which is unity 
for parabolic bands and smaller than this for non-parabolic bands 
(Ehrenreich (1957)).
Piezoelectric scattering can occur in crystals lacking inversion 
symmetry, such as the III—V semiconductors but not the group IV
semiconductors, and arises from a redistribution of charge when ions are 
displaced from their equilibrium positions. Both longitudinal and
transverse phonons can couple to electrons although longitudinal phonons 
dominate. Rode (1975) has generalised the approach of Zook (1964) to 
nonparabolic bands and obtained,
S(k* ,k) = G S k ' ftk). gcE_E>) (4>20)47E“-beo I k-k* I
where P is a dimensionless piezoelectric coefficient dependent on
crystal structure. For the zincblende structure P is isotropic:
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P ;2: = e , l e » [  < 1 2 / C i  ) + ( 1 6 /C * . ) 3 / 3 5 (4,21)
where e m  is the one independent component of the piezoelectric tensor 
and Ct. is an averaged elastic constant for transverse modes 
(Zook (1964), This scattering mechanism is usually not dominant although 
at very low temperatures in very pure material it may be important.
4 . 6 . 2  OPTICAL PHONON SCATTERING
Longitudinal optical phonons in III-V semiconductors have an 
associated polarisation wave. This electric field provides the dominant 
electron scattering mechanism at higher temperatures in direct 
semiconductors. In pure materials the influence of this scattering 
extends down to temperatures approaching liquid nitrogen temperature. 
The optical phonon energy, 4luo, is of the same order as k&T at room 
temperature and the inelastic nature of phonon absorption or emission 
must be taken into account. The differential scattering rate for polar 
modes is (Ehrenreich (1957), Frohlich (1954)),
where NoF> is the phonon occupation number given by the Bose-Einstein 
distribution.
S ( k '  , k> a^too ,1. _ X  , CLCkf-t-fc) 8tt2 e~, <=*» I k ' - k P (4.22)
6 < E - E ' i t u o ) ( N o P + 1> 
X  S ( E - E 1 - h o o ) U , =,P
emission
absorption
N o p  = C e x p  (ftcuo/ ke<T) -  1 ] ~ 1 (4.23)
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In our ISBE calculations we have included the effects of screening of 
the polar phonons by electrons following Ehrenreich (1959), multiplying 
the transition probability by a factor (l+fi2/lk'-kP)“2 but ignoring the 
phonon frequency dependence on wavevector.
Optical phonons can also interact with electrons via a deformation 
potential but the dominant scattering in heteropolar crystals is by the 
polar interaction
4 . 7  ELECTRON-ELECTRON SCATTERING
Since momentum is conserved in electron-electron scattering, it 
might be thought that such processes would have no effect on the 
transport properties. This scattering does, however, randomise momentum 
and relaxes relative motion of the particles. This affects the perturbed 
electron distribution which in turn modifies the other scattering 
mechanisms. Bate et al. (1965) have approximately calculated the 
corrections to various scattering mechanisms due to electron-electron 
scattering. In particular, for ionised impurity scattering, the mobility 
is depressed at low carrier densities and as the carrier density 
increases, the effect of electron-electron scattering is reduced as 
scattering is confined to states near the Fermi energy.
4 . 8  NEUTRAL IMP UR ITY SCATTERING
Neutral impurity scattering was first considered by Erginsoy 
(1950) who used the analogy of low energy electron scattering by a gas 
of hydrogen atoms, in the effective mass approximation. The inverse 
relaxation time obtained is:
33
where N,-. is the density of neutral centres, is the Bohr radius of 
hydrogen and the second bracket is the ground state radius of the
impurity assuming a hydrogenic model. Neutral impurity scattering is
generally weak in semiconductors compared with other scattering 
mechanisms but may become important in, for example, AlGaAs and GaAsP 
which both have the ground state of donor atoms well below the 
conduction band edge for some compositions of the alloy where the so- 
called DX centre is present (Drummond and Hjalmarson (1986)). In these 
cases the neutral impurity density can be much higher than the free
electron density, even at room temperature and so neutral impurity
scattering will be appreciable. In this case, however, the donor is not 
hydrogenic so the calculation of the donor radius must be modified. 
McGill and Baron (1975) recommend using a donor effective mass given
nr-3 = € /  Eh > (4.25)
where E.^  is the donor binding energy and Eh is the ground state binding 
energy of a hydrogen atom. This still assumes a hydrogenic donor but 
should be a better approximation. Ve use it here ip our limited analysis 
of scattering in AlGaAs and find good agreement with experiment.
4 . 9  RESONANT CENTRAL CELL SCATTERING
Close to the central cell of an impurity atom, an electron can ’see’ 
the core potential of the impurity which is screened at larger
1 / t Gc) = (m:V 2 0 M n )  . ( a E, e s / m * )  (4 .24)
scattering is of the order of the square of the lattice constant. The 
core potential can produce deep levels which are weakly mixed with
conduction-band states and so are narrow and can exist anywhere in the 
band structure; they are not confined to the band gap. This follows from 
the definition of Hjalmarson et al. (1980) of a deep level as being one 
whose energy is controlled by the impurity potential and not that of the 
host lattice. The level is thus localised in space.
If there is a deep level resonant with the conduction band, an
electron at the energy of the resonance will experience strong 
scattering from the quasi-bound state with a cross-section of the order 
of the square of the electron DeBroglie wavelength. If the resonant level 
lies close to the band edge this cross-section may be very large, Sankey 
et al. (1982) give the momentum relaxation time for this sort of
scattering as,
d is t a n c e s .  The c l a s s i c a l  c r o s s  s e c t io n  o f th e  im purity  fo r  e lec tro n
where 1(E) is the single spin conduction band density of states and 
sin^/(E) is a function that contains the resonance behaviour,
1 / t (E) = [ 2Nx. /bn:! (E) 3 sin'-V (E) (4.26)
sin2^(E) = Y / V C rcdCE)] =- (4.27)gCE)!^  + CirdCE)]2 )
Here VQ is the central cell potential and g and d are real functions 
given by,
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g(E) - incKE) = <sl Go (E) I s> (4.28)
where Go is the Green's function with outgoing wave boundary conditions 
and ls> is an atomiclike orbital localised on the impurity. I shall 
return to this scattering mechanism later to discuss its direct 
observation.
4.10 PHONON SCATTERING IN TWO DIMENSIONS
Several authors have made theoretical contributions to phonon 
scattering in two dimensions (Price (1982), Ferry (1978), Hess (1979), 
Ridley (1982)). The interaction should be enhanced over the three 
dimensional case. In two-dimensional systems, the principal difference 
from the bulk situation is that momentum conservation perpendicular to 
the plane of the 2D gas is blurred as a result of the uncertainty in the 
electron momentum in this direction. If the component of the phonon 
wavevector q in the plane of the two-dimensional electron system is Q, 
the in-plane electron wavevector, k changes by +Q but for any value of 
the perpendicular phonon wavevector there is an allowed scattering 
process (Price (1982)). The in-plane electron wavevector can therefore 
change by different amounts in scattering by phonons differing only in 
their direction. The matrix element for scattering in the two- 
dimensional case, M u  is modified from the three-dimensional matrix 
element, M m  according to the expression (Price (1982)),
Mr r * = E l l m : ( q > l 2  I 1 1 j (I q - Q I  ) I *  
c i  -ca
(4,29)
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The form factor Iid which describes the wavefunction overlap depends on 
the electron density functions, 0±.j,
where i,j label the electric subbands and the function £<z) is the 
z-dependent part of the envelope function. For phonon scattering we then 
have,
In most treatments of phonon scattering in two-dimensional 
systems, numerical techniques have been used. These obscure the physical 
processes underlying the scattering. Ridley (1982) has derived 
approximate analytic expressions for phonon scattering rates which tend 
to the bulk expressions for wide wells. The model for the two- 
dimensional system is simple and momentum conservation perpendicular to 
the layers is assumed, which is not valid for polar mode scattering in 
thin wells. However, to see the functional dependence of the scattering 
rates on temperature, effective mass and so on, the model should be 
useful. In the electric quantum limit, (EQL), where all electrons are 
confined to the lowest subband, the scattering fates for deformation 
potential scattering can be written as,
(4.30)
(4.31)
1/t <k> = 3B-i ^ kH,TnU 
2 f l 3 C:i L
acoustic (4.32)
1 / t  < k >
3 Do--ip* :
4pft;:sa>L <No F. (wo ) +&+&) optical (4.33)
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where L is the well thickness and Do is the optical deformation 
potential. These rates are energy independent and inversely proportional 
to the thickness of the well.
For polar optical inode scattering, again in the EQL, the fallowing
out-scattering momentum relaxation rates are obtained,
1/T<k) = k absorption (4.34)
l/r(k) = <*>«..> <N,..., . + 1 > emission (4,35)
2e,-.LB
where ep-1 = t€«-1 -e-,"1 ]. The rate for absorption is weak and energy 
independent while the rate for emission is comparatively strong above 
the threshold for emission of E=tta)o. The expressions given here are not 
appropriate to very wide wells (electrons are no longer in the EQL) and 
the full expressions given by Ridley (1982) must be considered in this 
case.
This model also assumes a very simple phonon spectrum, 
characteristic of the material of the well. In fact, there will be lattice 
modes deriving from both well and barrier material. There will also be 
interface modes (Sood et al. (1985)) and localised modes (Colvard et al. 
(1980) in the well. Recent work by Degani and Hipolito (1987) on the 
electron-phonon interaction ’in 2D systems predicts that for wells of
1001 thickness and below, the dominant phonons are interface phonons.
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The phonon scattering processes considered so far have been 
concerned with scattering within one subband or conduction band minimum 
involving small k-vector phonons. In indirect material, where scattering 
between equivalent minima is important or in direct material under 
circumstances in which scattering between f and X or L minima is 
significant- that is when the energies of the minima are close together, 
phonons of large k-vector become important (Rode (1972)). This will 
prove troublesome in our later discussion of the transport properties of 
AlGaAs samples where the band structure leads to conduction in all three 
types of minimum in varying proportion as pressure changes their
relative positions. A similar scattering channel exists between electric 
subbands in two dimensional systems if more than one subband Is
occupied so that the Fermi energy intersects more than one subband. This 
predicts an abrupt reduction in electron mobility whenever a subband 
starts to become populated (Mori and Ando (1979,1980)). This has been
observed by Stormer et al. (1982) in a gated GaAp/AlGaAs heterojunction
where the carrier concentration could be varied by changing the gate 
voltage and it is also demonstrated in our measurements on
heterojunctions where the carrier density turns out to vary strongly
with pressure. The reduction in mobility is due to two factors. Firstly 
it is due to the introduction of another scattering mechanism and 
secondly to the lower mobility of electrons in the higher subband. This
mobility is lower as electrons at the Fermi energy have a lower kinetic
energy in the higher subband. The measured mobility is an average over 
the subbands weighted according to the carrier density in the subbands.
4 . 1 1  INTERVALLEY AND INTERSUBBAND SCATTERING
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In a disordered alloy, there is a deviation from an ideal periodic 
potential associated with the random distribution of atoms on lattice 
sites. Littlejohn et al. (1978) followed early, unpublished, calculations 
of Brooks and derived an expression for alloy scattering in three 
dimensional systems. The scattering rate may be written as,
, /(r _ (kiy.T) <cx) e:- ...
1/t - 32.2^-* <4,36>
where S(<x) describes the degree of randomness which is taken to be 1,
completely random. AU is the alloy scattering potential and Q the
primitive cell volume.
In heterostructures which involve alloy semiconductors, alloy
scattering must be considered. There are two distinct cases of interest.
First where the 2D gas is in the alloy as in GalnAs/InF heterostructures
and second where the barrier material is an alloy. In the first of these
cases scattering is relatively strong as all the electrons feel the
potential fluctuations. In the second case scattering is due to the
non-zero wavefunction penetration into the barrier. This is a much
weaker effect than the first (Ando (1982)). Bastard (1983) has made
some calculations assuming the same alloy scattering potential, 0.6eV, as
✓
has been found in three dimensions (Hayes et al. (1982)) and shown that 
the low temperature mobility in GalnAs/InP hetero junctions will be 
limited to 2x10s cm2/Vs by alloy scattering. The alloy scattering 
limited mobility he deduces decreases with increasing carrier density 
and varies as m*-2, Valukiewicz et al. (1984) have fitted to
4 . 1 2  ALLOY SCATTERING
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experimental data of Kastalsky et al. (1982) on heterojunctions and
deduce an alloy scattering potential appropriate to GalnAs/InP
hetero junctions of 0.55-0.63eV, However Brum and Bastard (1985) have 
calculated alloy scattering limited mobility in square quantum wells and 
find a value independent of carrier density of 5x10A ci2/Vs. Anderson et 
al. (1987) have measured experimentally mobilities of up to 9x104 cm2/Vs 
and so conclude that the influence of alloy scattering is considerably 
less than the theory suggests.
4 .  1 3  I O N I S E D  I M P U R I T Y  S C A T T E R I N G
A very important electron scattering mechanism is the scattering 
from the long range Coulomb potential of ionised impurities. At low
temperatures this scattering dominates in even high purity materials and 
as the impurity density increases, whether by intentional doping or 
otherwise, ionised impurity scattering becomes dominant even at
temperatures around room temperature. An understanding of this
scattering mechanism is very important in the assessment of material
quality and look-up tables are commonly used to this end (Valukiewicz et 
al. (1979,1980,1982)).
4 . 1 3 . 1  R A N D O M  I M P U R I T Y  D I S T R I B U T I O N S
Most formulations of ionised impurity scattering use the Born 
approximation with a low impurity density so that scattering is from
isolated Coulomb centres. As the Born approximation is only valid for 
potentials which decay with distance faster than 1/r, this approach 
alone cannot be used. To remove the divergence in the theory associated 
with small angle scattering, several approaches have been adopted.
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Conwell and Weisskopf (1950) used the picture of Rutherford scattering 
and limited the impact parameter to half the average impurity 
separation, This ignores small angle scattering, effectively saying that 
if the impact parameter for scattering by a particular impurity is 
large, there will be another, closer, impurity which will dominate the 
scattering, This is consistent with the two body scattering model but is 
a somewhat arbitrary way of removing the divergence. Electrons in the 
conduction band of a semiconductor can move in response to electric 
fields and so can screen the impurity Coulomb field, leading to a decay 
of the potential faster than 1/r. This is used in the approaches of 
Brooks (1955) and Herring, who also included screening by impurities, 
and of Dingle (1955) who considers only electron screening. These 
formulations, which give very similar results except where electron 
freezeout is occurring, are the most widely used in the analysis of 
ionised impurity scattering. The relaxation time for ionised impurity 
scattering is,
1/T(k) = (e4Ni m :4': / 8 7t e 3 k 3 )
(4.37)
x t I n  ( l + 4 k ;“-/ 8 :- ) - 4 k :2/ (|3:- + 4 k 2 ) 3
where Ni is the density of ionised impurities and J3 is the inverse 
screening length. With a suitable choice of the inverse screening length, 
the expression gives Conwell-Weisskopf (1950), Brooks-Herring (1955) or 
Dingle (1955) results.
There are two major assumptions that have been made in the 
derivation of the relaxation times given. These are the Born 
approximation and that the electron interacts with one impurity at a
time. If electrons feel the influence of several impurities 
simultaneously, multiple scattering takes place. This, along with the 
perturbation of the electron wavefunction by the impurities and 
corrections for higher Born approximations, has been considered by Moore
(1967) and Moore and Ehrenreich (1966). Discussion of these and several 
other refinements of the theory of ionised impurity scattering may be 
found in the review paper by Chattopadhyay and Queisser (1981).
4.13,2 CORRELATED IMPURITY DISTRIBUTIONS
A different approach to ionised impurity scattering in fairly 
heavily doped semiconductors has been proposed by Yanchev et al. (1979). 
They argue that since several impurities may be found within a screening 
length, the scattering may be more reasonably described as by a smooth 
random potential than by interaction with individual impurities. 
Fluctuations in the impurity density lead to a smooth potential V (r) 
which obeys Gaussian statistics in the high impurity concentration 
regime. V (r) is characterised by its pair correlation function, 
V(lr-r'l) = <V(r)V(r*)>, where the angled brackets denote averaging over 
impurity positions, Yussouff and Zittartz (1973) have calculated the 
relaxation time due to such a potential and obtained,
1 / t = cop/tlkE-REr- y (4.38)
with kr- the magnitude of the Fermi wavevector, Er the Fermi energy, R 
the correlation length of the potential and t the rms deviation of the 
potential from its mean value, a is a numerical factor which can be
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calculated from the pair correlation function. For a random distribution 
of impurities, we have,
where Rs is the Thomas-Fermi screening length and erfc(x) is the 
complementary error function. Correcting the Fermi energy for electron- 
electron exchange, band tailing and non-zero temperature, Yanchev et al,
(1979) calculate the mobility in heavily doped GaAs at 77K and find very 
similar results to those obtained using the Brooks-Herring theory, but 
significantly different from experimentally measured values. They go on 
to consider the effect of correlation in the impurity distribution due to 
Coulomb repulsion between ionised donors in the growing crystal. The 
screening length must be modified by the inclusion of a term for Debye 
screening by a plasma of ionised impurities appropriate to a temperature 
Tc at which impurity movement through the crystal was frozen out. This 
screening length, Ro, is given by,
= NiR.!£le-,V47re (4.39)
cx (4.40)
with E.j* = h j-/2m*R (4.41)
1/R, N i e s /eB kBTo (4.42)
and the total screening length, R, by,
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Obtaining a and * from the correlation function as calculated by 
Galpern and Efros (1972), Yanchev et al. (1979) calculate mobilities
lower than those calculated by the Brooks-Herring theory and in good 
agreement with their experimental data. I shall return to this theory in 
later chapters.
4 .  1 4  I O N I S E D  I M P U R I T I E S  I N  2 D  S Y S T E M S
The technique of modulation doping, the controlled introduction of 
impurity atoms as a function of distance in the growth direction (Dingle 
et al. (1978)), has led to very high mobilities in 2D systems at low 
temperatures (Stormer et al. (1979)). This is achieved by confining the 
donor atoms to the barrier regions, keeping them at a distance from the 
electrons in the wells and reducing scattering by ionised impurities. 
This leads to two distinct types of impurity as regards scattering: 
remote impurities, intentionally introduced to provide conduction
electrons, and background impurities which are impurities in the well 
regions, usually present unintentionally. The density of background 
impurities is usually low but since they are not separated in space from 
the electrons, as are the remote impurities, scattering by them may be
J-significant.
In the Born approximation in 2D for elastic scattering we have
1 / rss = + l / R ^ s a  (4 .43)
(P r ic e  (1 9 8 2 ) ) ,
1/t = < Cm* /di3 ) AMx a 3 < l-X) > (4.44)
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where the angled brackets denote averaging over scattering angle in 
(O.k ), Following Price (1982), the two-dimensional matrix element is 
proportional to the form factor R(k,z> with k the modulus of the 
scattering vector.
Ri.i (k , z ) = J  e n < z ’> e x p < - k l z ’-zl> dz ’ (4.45)
with 0 being the density function as defined for phonon scattering. To 
obtain the squared matrix element we sum over the contribution of each 
ion and obtain,
AM* xs = <2Tce:2/ e ) :SS1T (k) / k :' (4.46)
with Nij(k) given by,
Nij<k> = J  dz Ni (z)IRi,(z)l3f (4.47)
Screening of the impurity potentials must also be considered, and 
various authors have calculated scattering rates for different well 
shapes, impurity distributions and screening models (Hess (1979), 
Mori and Ando (1980), Fell et al. (1978)). A fairly comprehensive 
discussion is given by J. Lee et al. (1983).
CHAPTER 5
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5 . 1  M A T E R I A L  P A R A M E T E R S
To analyse experimental results on the mobility of electrons in the 
semiconductor systems considered here, the values of a number of 
material parameters and their temperature and pressure dependences must 
be known or estimated. The materials of interest here are GaAs, InP and 
the alloys GalnAs, lattice matched to InP and AIGaAs. In this chapter I 
will discuss the parameters used and some of the approximations adopted.
In Table 5.1 are tabulated some of these properties. For the alloys, 
an interpolation scheme between values for the appropriate binary 
compounds has been adapted if experimental data are not available. 
Reference is made to the source of figures quoted.
5 . 1 . 1  L A T T I C E  C O N S T A N T  A N D  E L A S T I C  P R O P E R T I E S
Accurate values for the lattice constant, ao, are readily available 
and hence the crystal density, M, can be calculated. The density varies 
with temperature through the thermal expansion coefficient, and
with pressure through the compressibility. These parameters are 
particularly important in epitaxial material as the thin epilayer will be 
constrained to have the same lattice constant as the substrate and 
differences in thermal expansivity or compressibility will lead to 
interfacial stresses. However, these effects are small in the binary 
semiconductors and recent PL measurements made on GalnAs on and off the 
substrate (Prins et al. (1987)) indicate that in this system too, 
interface stresses are small.
MATERIAL PARAMETERS
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Property Material
T a b l e  5 . 1
M aterial Param eters
GaAs InP AlxGai-xAs Gao. A7I no. 53fiS
ao(A) 5.6533- 5,8688b 5,6533+0,0078xc 5,8688
K(gcnr3) 5,360c 4,787d 5,36-1,6xc 5,493d
otthC 10“ 6K~1) 6,4e 4,56f 6,4-1,2xc 5,7f
Ci i (10,oNnr2) 11.88* 10,22h 11,88+0,14xc 10,0d
Ci2( 10loNnr2) 5,38s 5,76b 5,38+0,32xc 4,93d
C^(103ONm-2 5,94° 4,60b 5,94-0,05xc 4,89d
Ui(103ffis-1) 5,102 5,032 6,10+1,03x 4,65
Si rfCtil-2 ) -0,157 -0,035 -0,16-0,065xc -0,098
Er(eV) 1.522A 1,421J 1,425+1,155x+0,37x2 0,807k
Ex(eV) 2,010* 2,22* 1,911+0,'005x+0.245x2 2,16
Eu(eV) 1,840* 1,92m 1,734+0,574x+0,055x2 1,67
«r(10_*eV) 5,41" 4,906J 5,41
«x(10-*eV) 4,60" 4,60
«L()0“ *eV) 6,05" 6,05
pr xu(K) 204" 327^ 204
d£c. (v&l v 
dP kbar 10,7* 8,5° 10.7s 9,2q
dEx (&2l \ 
dP kbar -1.S1 -2.4- -1 ,5+0,2xp -1.0
dL© (SZl < 
dP kbar 3,8P 2,0m 3,8+0,2xp 4,2
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Property Material
( 10_AK-1)
(kbar~1)
GaAs
0,067E
-1 ,9V
0,77-
13,18y 
10,89y
12s
InP
0,082*-
-2,2W
0,53*
12,56z
9,782
19z
AlxGai-xAs 
0,067+0,083xc
13,18-3,I2xc 
10,89-2,73xc
Gao.47lno.saAs
0,041u 
-4,1v
1,68x
13,77®
11,7d
TlO-5^ 1)
T10-3kbar_1) -1,8s
Lt l0 “ 3kbar_1) - l , 4 y
292* 
269^
-1,2 
-1,5 
4,3*dP kbar
diih^. (Cur1. 
dP kbar
£i(eV)
4,3*
9,0
-1,4
-1.3*
344*
303*
5,4*
5,8*
6,7 9,0
-1.4 
-1.3*
5,9s
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R e f e r e n c e s  f o r  T a b l e  5 . 1 :
a Driscoll et al. (1975) P Gell et al. (1987)
b Willardson and Beer (1966) q Shantharama et al. (1985)
c Adachi (1985) r Wolford et al. (1984)
d Adachi (1982) s Blakemore (1982)
e Straumanis et al. (1967) t Neuberger (1971)
f Bisaro et al. (1979) u Nicholas et al. (1980)
8 Bateman et al. (1959) V Stradling and Wood (1970)
h Hickernell and Gayton (1966) w Eaves et al. (1971)
i Wolford et al. (1986) X Shantharama et al. (1984)
J Varshni (1967) y Samara (1983)
k Ahmad (1982) z Meiners (1986)
1 Kobayashi et al. (1981) a. Takeda et al, (1981)
m Pitt and Vyas (1975)
£ P Tsay et al. (1974)
n Aspnes (1976) Y Cardona (1984)
o Gunney et al. (1982) <S Pearsall (1981)
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extensively measured. Given in the table are values of the three 
independent elastic constants, C-i t , Ct2 , and C**. In our ISBE we use 
averaged elastic constants Ci and Ct for longitudinal and transverse
modes respectively (Zook (1964)). Measurements on the alloys are limited 
but it seems that linear interpolation is a good approximation for these 
properties (Adachi (1982,1985)), We assume that they are independent of 
temperature and take the pressure coefficients of McSkimin et al. (1967) 
for GaAs and assume these are the same for. all the materials studied. 
The average longitudinal sound velocity, Ui can then be calculated since,
u i 2 = C x / p  (5.1)
where M is the mass density of the crystal. The pressure coefficient of 
ui can then be calculated via the compressibility, K, which is related to 
the elastic constants by,
K = [ (C i i + 2C-, / 3 ]  ~ 1 (5.2)
Since the energy of the optical phonons is relatively insensitive
to wavevector, the phonon energy is generally taken to be constant. In 
the alloys, optical phonons can exhibit either 'one mode or two mode 
behaviour (Barker and Sievers (1975)). In the one mode case, there is 
one phonon of each type (LO and TO) for each composition which smoothly 
goes from that characteristic of one binary to that of the other across 
the alloy range. In the two mode case, each alloy composition has 
phonons similar to phonons of the binary constituents.
The e l a s t i c  c o n s ta n ts  of th e  111—V binary compounds have been
Ph
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Fig.5.1: Variation of optical phonon energies in
Ai...Gai .As with alloy composition. Solid lines are 
interpolated, experimental points from Kim and Spitzer
<1979) .
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For example, AlGaAs has 'GaAs-like’ and 'AlAs-like* phonons across 
the alloy range (Kim and Spitzer (1979)). This is shown in Fig.5.1. Ve 
take a weighted average in our mobility calculations.
\ _ /• -1 \ GaAs , , . AlAs , . / cox
LO(TQ) -  < l-x>o>  LOCTO) + X“ LO(TO)<X) (5 '3)
5 . 1 . 2  B A N D  S T R U C T U R E
The application of hydrostatic pressure does not affect the crystal 
symmetry and so does not cause any lifting of degeneracies in the band 
structure. The form of the band structure is therefore not changed but 
the values of, for instance, band gaps at critical points are changed by 
the reduction in lattice constant. The pressure coefficients of the 
direct Eo gaps are fairly well known from experiment, while those for 
the gaps at X and L points are less well known. These have been 
calculated by, for example, Gell et al. (1987) by pseudopotential methods 
in very good agreement with experimental results in cases where these 
are available. Taking calculated values by Gell et al, (1987) for AlAs 
and interpolating, we deduce pressure coefficients for AlGaAs.
Temperature will also affect the band gaps due to the change in 
lattice constant from thermal expansion. A more important effect comes 
from the electron-phonon interaction which leads to a decrease in the 
band gaps with increasing temperature. The temperature dependence of the 
band gaps has been measured for several semiconductors. Varshnl (1967) 
found that the results could be described by a relation of the form,
E ±  ( T )  =  E i  ( 0 >  -  c t i P / C T + B i ) (5.4)
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measured and are given in Table 1.
One of the most important parameters for electron transport is the 
effective mass, in particular in the T minimum of the direct gap 
materials considered here. Measurements of this quantity have been made 
by several workers. As the band gap opens up under hydrostatic pressure, 
from Kane’s k.p theory (E.O. Kane (1966)) the effective mass should 
increase. This is indeed the case and for GaAs, InP and GalnAs, we have 
measurements of the pressure dependence of the effective mass by 
Shantharama et al. (1984)
5 . 1 . 3  D I E L E C T R I C  CONSTANTS
The values of the low and high frequency dielectric constants used 
are given in Table 1. The high frequency dielectric constant e® = n2 , the
square of the refractive index, so temperature and pressure coefficients
of £<= can be obtained from refractive index measurements, The Lyddane- 
Sachs-Teller (LST) relation,
t K!1 / fen — Ca) 1 / C a ) i : : a (5 .5 )
relates changes in the optical phonon frequencies (in the long 
wavelength limit) to the dielectric constants. This relation holds well 
for the materials considered here and so temperature and pressure 
coefficients of the static dielectric constant can be deduced from 
measured phonon frequencies. Adachi (1982,1985) has found that linear 
interpolation between binaries works well for the dielectric properties 
of III-V alloys so this approach is used.
The v a lu e s  o f  oti and fo r  va r io u s  gaps and m a te r ia ls  have been
the band edge for a unit strain of the crystal. There are two sorts of
deformation potential, associated with hydrostatic and shear strain 
respectively. For the direct minimum in the conduction band at r, the 
hydrostatic component is the important one, while the valence band is 
perturbed by both hydrostatic and shear components. It is clear that the 
deformation potential is related to the pressure coefficient of the band 
gap, but this includes contributions from the movement of both the 
conduction and valence bands while the deformation potential refers to 
the shift of one band relative to some absolute energy scale. This makes 
direct measurement of the deformation potential difficult as most 
experiments measure band gaps rather than absolute band energies. The 
values for the conduction band deformation potential, Hi which we adopt 
here are given in Table 5.1. For GaAs and InP these are deduced from our 
transport measurements and this will be discussed later.
5 . 2  T W O  D I M E N S I O N A L  S Y S T E M S
When two different semiconductors are joined, forming a 
heterojunction, consideration must be given to the material parameters of
the S3'stem. Close to the interface it is not clear if concepts such as
band structure and effective mass are valid. However, as has been 
mentioned above, for a well lattice matched system the symmetry of the 
crystal is unchanged by the interface and the Bloch functions are very 
similar in the two materials. This means that the transition between the 
band structures on either side of the interface can be described 
relatively smoothly (Lassnig (1985)). Perhaps the most fundamental
5 . 1 . 4  DEFORMATION POTENTIALS
The deform ation  p o t e n t i a l s  a re  d efined  as  the s h i f t  in  energy o f
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property of a semiconductor heterojunction is the way in which the band 
structures line up at the junction.
5.2.1 H E T E R O J U N C T I O N  BAND OFFSETS
The two materials forming a hetero junction will have different band 
structures which will be aligned relative to one another in some way 
characteristic of the material system. Three examples are shown in 
Fig.5.2. A number of different pairs of semiconductors have been studied 
but all of them must fall into one of the three categories shown. Here 
we consider the GalnAs/InP system which is of type I, in which the sum 
of the conduction and valence band offsets, AEc. and AEV , is equal to the 
difference in the band gaps. The determination of the ratio aEc :AEv has 
been the subject of much study and controversy, particularly in 
GaAs/AlGaAs, another type I system. Dingle et al. (1974,1975) studied low
temperature IR absorption in GaAs/AlGaAs systems and from calculation
of quantised energy level positions deduced a ratio of 85:15, This 
became widely accepted across the alloy range although Dingle’s results 
were presented for only one composition. Miller et al. (1984) studying 
synthesised parabolic quantum wells had to assume a ratio of 50:50 to 
fit their results and this started a reexamination of the situation. Much 
work, both experimental and theoretical has been carried out, (for a
review see Duggan (1985)) and the consensus se^ms to be a ratio of
about 60:40.
Techniques based on fitting quantum well energy levels to an 
effective mass theory suffer from several uncertainties. These arise 
from uncertainties in valence band parameters, exciton binding energies 
and the treatment of non-parabolicity.
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F i g . 5.2: Three types of band lineup at a heterojunction
<left) and band bending and carrier confinement at the
interface (right)
Examples- Type I: GaAs/AlGaAs
Type II: InGaAs/GaSbAs
Type III: InAs/GaSb
For the GalnAs/InP system, these difficulties are likely to be more 
severe since non-parabolicity is greater in the narrow-gap ternary 
alloy. Several estimates have been reported from experiments of this 
kind, however, including values of 50:50 by Temkin et al. (1985) and 
35:65 by Razeghi et al. (1984) A more direct approach was adopted by 
Skolnick et al. (1986) who used 'internal photoemission’ from square well 
structures to deduce a ratio of 38:62, similar to earlier results of 
Forrest and Kim. (1981) Forrest et al. (1984) find that the offset ratio 
in the quaternary alloy GalnAsP lattice matched to InP is constant and 
equal to 39:61.
5 . 2 , 2  E F F E C T I V E  M A S S
The electron effective mass in GaAs/AlGaAs and GalnAs/InP systems 
has been measured by Shubnikov-de-Haas and magnetophonon measurements 
(Nicholas et al. (1985), Brummell et al. (1987)). It seems to be somewhat 
higher in two dimensions than in three. To deduce the band edge mass 
from the experiments, non-parabolicity must be taken into account and 
the properties of the phonons involved in the resonant interactions must 
be known. For GalnAs/InP we take the value of Nicholas et al. (1985) of 
0.043m,z.. This compares with the bulk value of 0,041 (Nicholas et al.
(1980)). In k.p theory the band edge effective mass change on going into 
two dimensions comes from the penetration of the**electron wavefunction 
into the barrier material (Lassnig (1985)). This allows the electron to 
see the local variation of band edge parameters at the interface.
Little study has been made of the pressure coefficient of the 
effective mass in two-dimensional systems. Recently Gauthier et al. 
(1957) have presented results of magnetotransport measurements in
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GaliiAs/InP heterojunctions. First, cyclotron resonance measurements were 
made to identify the dominant polar optical phonon frequency interacting 
with the electrons. This frequency varies between the samples which have 
different carrier densities, having either two or three occupied 
subbands. For the lowest carrier density sample, the frequency is 
270cm"1 , close to the ’GaAs-like’ mode of GalnAs and for the highest 
carrier density sample has fallen to 245cm"1 . This behaviour is not 
understood but may be due to interactions with interface phonons or TO 
modes, the interaction in three dimensions being with LO phonons. With 
the phonon frequency thus identified, magnetopbanon measurements were 
made as a function of hydrostatic pressure, yielding a substantial 
difference in behaviour between the three samples studied. The relative 
change m*"1 dm*7dP varies from 0.98 to 1.4 %/kbar, as the carrier 
concentration is decreased, compared to 1.9 %/kbar in three-dimensional 
material. The situation in two dimensions is further complicated as 
there is a strong trapout of electrons with pressure which will change 
the effects of non-parabolicity, and possibly the phonon frequency, 
bearing in mind the cyclotron resonance experiments. The general 
conclusion of Gauthier et al, (1987) is that the best estimate of the 
pres-sure coefficient of the effective mass comes from the higher carrier 
concentration samples where the trapout with pressure is smaller. This 
pressure coefficient is 1 %/kbar, substantially lower than in three 
dimensions. This value is the one we adopt, although with some caution 
as the interpretation of the experimental data is far from clear.
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The other material parameters are generally treated as being those 
of the bulk constituents of the heterostructure. The lattice constants 
will be the same for a lattice matched system. The elastic (phonon) 
modes have been touched upon above and the position is not clear. Modes 
relating to each of the bulk crystals may be expected to be present as 
well as interface modes. The coupling of the various phonons to the 
electrons may also be affected. As a first approximation, however, bulk 
phonons may be considered and this should not much affect the 
functional dependence of quantixies such as the mobility on temperature 
or effective mass.
Dielectric constants are average quantities over fairly large 
volumes - much larger than unit cell dimensions so there should be no 
discontinuities in the dielectric constants. They are taken to be those 
of the bulk crystals. As the dielectric properties of the two materials 
forming a hetero junction are fairly similar, this approximation should be 
reasonable, certainly as regards the transport measurements described 
here.
5 . 2 . 3  OTHER PARAMETERS
CHAPTER 6
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6 . 1  THE v a n  d e r  PAUV TECHNIQUE
Resistivity and Hall effect measurements are very useful in 
studying charge transport in semiconductors. Two important parameters, 
the carrier concentration and mobility are readily derived from 
the experiment, The simplest sample, in theory, on which to make such 
measurements is a bar, provided with current and voltage leads as shown 
in Fig .6.1. The voltage contacts must be point contacts to define 
accurately the region across which potential is dropped and at low 
temperatures their resistance becomes large and the accuracy of the 
measurements becomes poor. Bridge shaped samples can be used with 
larger contacts which rely on the geometry of the sample to ensure 
parallel current streamlines. Alternatively, a four point method devised 
by van der Pauw (1958,1959) may be used which is valid for lamellae of 
any shape. The method is summarised in Fig .6.1. The resistivity is 
calculated from,
EXPERIMENTAL TECHNIQUES AND APPARATUS
« R ir. + Rlr-. ~ . R|» _ . .p = , 0 f < “  > (6.1)X /d Ktr.
where RQ and Rt. are defined in Fig .6.1, t is the sample thickness and f 
is a correction factor given by van der Pauw (1958) which takes into 
account asymmetry in the contact positioning around the sample. The Hall 
coefficient R h  is given by,
Rh = t h R c / B (6.2)
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Fig.6 . la: Hall bar for resistivity and Hall effect
measurements. With a current I flowing, resistivity is 
determined by the voltage between P and Q or R and S, 
Hall coefficient by the voltage between P and R or 
Q and S in the presence of a magnetic field B.
— <3>— i
Fig. 6. lb: van der Fauw technique for resistivity and Hall
effect measurements, Resistivity is determined from 
resistances R.-, and Rt. and Hall coefficient from R t .
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where a R* is the change in resistance when a magnetic field B is 
applied normal to the plane of the sample. The Hall carrier 
concentration, nn, is given by,
nH = 1 / eRn (6.3)
and the Hall mobility, by,
P m = R in/p (6.4)
6.2 SAMPLE PREPARATION
The experimental work in this thesis was carried out on samples 
designed for Hall effect and resistivity measurements using the van der 
Pauw technique. This is a four point measurement technique which is 
applicable to samples of arbitrary shape as long as the contacts are 
point contacts on the edge of the sample. As these conditions can never 
be realised in practice, 'clover leaf' shaped samples with four lobes to 
which contact is made are used. This geometry reduces the errors 
introduced by contacts which are not ideal (van der Pauw (1959)).
6.2.1 PHOTOLITHOGRAPHY
Some samples were obtained in the form of plover leaves prepared 
by air abrasion but clover leaf samples were usually prepared from 
epitaxial material by a photolithographic process. A section of the 
wafer was first •cleaned by boiling in methanol and trichloroethylene 
followed by cleaning in isopropyl alcohol vapour to remove grease and 
other surface contaminants, Three layers of Shipley AZ 1350H positive
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p r o d u c e  a  l a y e r  a b o u t  0 .7  pm t h i c k .  T h e s a m p le  w a s  t h e n  p r e b a k e d  f o r  2 0  
m i n u t e s  a t  8 0 'C t o  h a r d e n  t h e  r e s i s t .  T h e m ask  d e f i n i n g  t h e  c l o v e r  l e a f  
w a s  t h e n  p la c e d  o v e r  t h e  s a m p le  a n d  e x p o s e d  t o  u l t r a v i o l e t  l i g h t .  T he  
r e s i s t  w a s  t h e n  d e v e lo p e d  in  a  1% a q u e o u s  s o l u t i o n  o f  NaOH a n d  t h e
u n e x p o s e d  r e s i s t  w a s h e d  a w a y . T o f u r t h e r  h a r d e n  t h e  r e s i s t  l a y e r  i t  w a s  
t h e n  b a k e d  f o r  3 0  m i n u t e s  a t  1 2 0  *C. T h e  e x p o s e d  e p i t a x i a l  l a y e r  a n d  a  
r o u g h ly  e q u a l  t h i c k n e s s  o f  s u b s t r a t e  w a s  th e n  e t c h e d  a w a y  u s i n g  a  3 :1 :1  
m i x t u r e  b y  v o lu m e  o f  s u l p h u r i c  a c i d ,  h y d r o g e n  p e r o x id e  a n d  w a t e r .  A t 
5 0  “C t h i s  g i v e s  a n  e t c h  r a t e  o f  a p p r o x im a t e ly  2 pm p e r  m in u te .  T he
s a m p le  w a s  t h e n  w a s h e d  in  d e i o n i s e d  w a t e r  an d  t h e  r e s i s t  m a sk  r e m o v e d  
u s i n g  a c e t o n e .
6 . 2 . 2  CONTACT F A B R I C A T I O N
O hm ic c o n t a c t s  w e r e  p r e p a r e d  i n  o n e  o f  tw o  w a y s .  F o r
p h o t o l i t h o g r a p h i c a l l y  p r o d u c e d  s a m p l e s ,  c o n t a c t  r e g i o n s  w e r e  d e f i n e d  
u s i n g  a  m ask  a n d  a  s i m i l a r  m e th o d  t o  t h a t  d e s c r i b e d  a b o v e .  T h e s u r f a c e  
o f  t h e  c o n t a c t  r e g i o n s  w a s  t h e n  l i g h t l y  e t c h e d  f o r  2 0 s  i n  a  2 0 :4 : 1
w a t e r ,  h y d r o g e n  p e r o x i d e ,  a m m o n ia  m i x t u r e  an d  r i n s e d  i n  d e i o n i s e d  w a t e r .  
T o fo r m  o h m ic  c o n t a c t s ,  e i t h e r  A u - S n /N i  o r  A u -G e /N i w a s  e v a p o r a t e d  o n t o  
t h e  s a m p le  a n d  a l l o y e d  i n  a  f u r n a c e  a t  4 2 5 “0  f o r  5  m i n u t e s ,  T o p r e v e n t  
l o s s  o f  p h o s p h o r u s ,  w h ic h  o c c u r s  a t  h ig h  t e m p e r a t u r e s ,  a l l o y i n g  w a s
c a r r i e d  o u t  f o r  p h o s p h o r u s  c o n t a i n i n g  c o m p o u n d s  in  a  g l a s s  c a p s u l e  l i n e d
w i t h  In P . A l l o y i n g  w a s  c a r r i e d  o u t  i n  a  d r y  h y d r o g e n / n i t r o g e n
a t m o s p h e r e .  C o n t a c t s  p r o d u c e d  in  t h i s  w ay  w e r e  b o n d e d  t o  w i t h  g o l d  w ir e  
u s i n g  a  D a g e -P r e c im a  T SB21EH  p u l s e  t i p  b o n d e r .
p h o t o r e s i s t  w ere  t h e n  a p p l i e d  and  s p u n  a t  8 0 0 0  rpm f o r  1 m in u te  t o
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F o r  s a m p le s  p r o d u c e d  b y  a i r  a b r a s i o n  a n d  so m e  o t h e r  s a m p le s ,  t i n  
b e a d s  w e r e  u s e d  t o  fo r m  o h m ic  c o n t a c t s .  T h e s e  w e r e  p l a c e d  o n e  a t  e a c h  
c o r n e r  o f  t h e  c l o v e r  l e a f  a n d  t h e n  a l l o y e d  a s  d e s c r i b e d  a b o v e  f o r  2  
m i n u t e s  a t  2 5 0 °C, j u s t  a b o v e  t h e  m e l t in g  p o i n t .  G o ld  o r  c o p p e r  w i r e s  
w e r e  t h e n  s o l d e r e d  t o  t h e s e  c o n t a c t s .
A l l  t h e  t e c h n i q u e s  o u t l i n e d  a b o v e  a r e  e q u a l l y  a p p l i c a b l e  t o  tw o  a n d
t h r e e  d im e n s io n a l  s a m p l e s .  F o r  tw o  d im e n s io n a l  s a m p l e s ,  h o w e v e r ,  t h e  u s e
o f  A y -G e /N i c o n t a c t s  a n d  w ir e  b o n d in g  w a s  fo u n d  t o  b e  t h e  m o s t  r e l i a b l e  
m e th o d .
6 . 3  R E S I S T I V I T Y  AND HALL C O E F F I C I E N T  MEASUREMENTS
W h ile  t h e  u s e  o f  t h e  c l o v e r  l e a f  s t r u c t u r e s  d e s c r i b e d  a b o v e  a n d  t h e
u s e  o f  t h e  v a n  d e r  Pauw t e c h n i q u e  m ea n s  t h a t  o n ly  f o u r  c o n t a c t s  a r e
r e q u i r e d  t o  o b t a i n  r e l i a b l e  r e s u l t s ,  i t  i s  n e c e s s a r y  t o  m ake  
m e a s u r e m e n t s  b e tw e e n  s e v e r a l  d i f f e r e n t  p a i r s  o f  c o n t a c t s  t o  c o r r e c t  f o r  
s a m p le  g e o m e t r y .  T h i s  i n v o l v e s  i n t e r c h a n g i n g  t h e  v o l t a g e  a n d  c u r r e n t  
l e a d s  t o  t h e  s a m p le .  O n ly  f o u r  c o n f i g u r a t i o n s  a r e  r e q u ir e d  b u t  t o  
e l i m i n a t e  t h e r m a l  v o l t a g e s  a n d  t o  o b t a i n  t h e  m axim um  a v e r a g i n g ,  t w e n t y  
w e r e  t a k e n  in c l u d i n g  r e v e r s a l s  o f  e l e c t r i c  c u r r e n t  a n d  m a g n e t i c  f i e l d .
6 . 3 . 1  TEMPERATURE D E PE NDENT MEASUREMENTS
F o r  t h e  t e m p e r a t u r e  d e p e n d e n t  m e a s u r e m e n ts  arf a u to m a te d  s y s t e m  w a s  
u s e d .  T h i s  w a s  d r i v e n  b y  a  BBC m ic r o c o m p u te r  v i a  a n  IEEE b u s  w h ic h  
c o n t r o l l e d  t h e  c u r r e n t  a n d  v o l t a g e  s w i t c h i n g  t h r o u g h  a  s e t  o f  s i x t e e n  
p r o g r a m m a b le  r e l a y s ,  t h e m s e l v e s  s w i t c h i n g  lo w  n o i s e  r e e d  r e l a y s .  T h e  
c u r r e n t  s o u r c e  u s e d  w a s  n o t  d i r e c t l y  c o n t r o l l e d  b u t  w a s  s t a b i l i s e d  t o  
m a i n t a i n  t h e  s e l e c t e d  c u r r e n t ,  i n  t h e  r a n g e  l.O pA  t o  10m A , t o  w i t h i n  0.1%
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o v e r  t h e  c o u r s e  o f  a n  e x p e r im e n t .  A K e i t h l e y  1 9 5  v o l t m e t e r  w i t h  a  
r e s o l u t i o n  o f  O .lp V  w a s  u s e d  t o  m o n i t o r  t h e  v o l t a g e .  T h e  m a g n e t ic  f i e l d  
w a s  g e n e r a t e d  u s i n g  a  N e w p o r t  e l e c t r o m a g n e t  w h ic h  p r o d u c e d  a  t y p i c a l  
f i e l d  o f  0 .2 T . M a g n e t ic  f i e l d  s w i t c h i n g  w a s  c o m p u te r  c o n t r o l l e d  a n d  t h e  
m a g n e t  c u r r e n t  m o n i t o r e d  d u r in g  t h e  e x p e r im e n t .
S a m p le s  w e r e  m o u n te d  in  e i t h e r  a n  O x fo r d  I n s t r u m e n t s  s t a t i c  
e x c h a n g e  g a s  c r y o s t a t ,  u s i n g  h e l iu m  a s  t h e  e x c h a n g e  g a s  o r  i n  a 
c o n t i n u o u s  f l o w  c r y o s t a t  w i t h  a  t r a n s f e r  t u b e  t o  i n t r o d u c e  t h e  c r y o g e n .  
T h e s a m p le  t e m p e r a t u r e  w a s  m o n i t o r e d  u s i n g  a g o l d - i r o n / c h r o m e l  
t h e r m o c o u p le  m o u n te d  o n  t h e  c r y o s t a t  h e a t  e x c h a n g e r ,  w i t h  t h e  c o l d  
j u n c t i o n  im m e r se d  in  l i q u i d  n i t r o g e n .  T he o u t p u t  v o l t a g e  w a s  m o n ito r e d  
b y  a  p r o g r a m m a b le  O x fo r d  I n s t r u m e n t s  3 1 2 0  t h r e e  te r m  t e m p e r a t u r e  
c o n t r o l l e r  w h ic h  w a s  u s e d  t o  s e t  a n d  m a i n t a in  t h e  r e q u ir e d  t e m p e r a t u r e s .  
T y p i c a l  s t a b i l i t y  w a s  w i t h i n  0 .2 K .
D a ta  a c q u i s i t i o n  a n d  a n a l y s i s  w a s  c a r r i e d  o u t  u s i n g  t h e  c o m p u te r ,  
w i t h  t e s t s  f o r  s t a b i l i t y  o f  d a t a .  T h i s ,  t o g e t h e r  w i t h  t h e  a v e r a g in g  
i n v o l v e d  in  t a k i n g  m e a s u r e m e n t s  b e tw e e n  s e v e r a l  s e t s  o f  c o n t a c t s ,  
e n s u r e d  v e r y  s m a l l  ra n d o m  e r r o r s .  *
6 . 4  HIG H  P R E S S U R E  MEASUREMENTS
H a l l  e f f e c t  a n d  r e s i s t i v i t y  m e a s u r e m e n ts  h a v e  a l s o  b e e n  c a r r i e d  o u t  
a s  a  f u n c t i o n  o f  h y d r o s t a t i c  p r e s s u r e  t o  1 5 k b a r « 'a t  room  t e m p e r a t u r e  
u s i n g  a  p i s t o n  a n d  c y l i n d e r  s y s t e m  an d  t o  8 k b a r  a t  lo w  t e m p e r a t u r e s  
(*4K> u s i n g  a  c a p i l l a r y - f e d  m i n i a t u r e  BeCu c e l l .
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T h e s i m p l e s t  p r a c t i c a l  p r e s s u r e  v e s s e l  i s  a  m o n o b lo c  c y l i n d e r  a n d  
s u c h  c y l i n d e r s  m ade fr o m  h o t - w o r k e d  d i e  s t e e l  h a v e  b e e n  u s e d  r o u t i n e l y  
f o r  8 k b a r  m e a s u r e m e n t s .  F o r  h i g h e r  p r e s s u r e s  c o m p o u n d  c y l i n d e r s  a r e  
m o re  a p p r o p r i a t e .  F o r  t h e  sa m e  d i m e n s i o n s  a n d  m a t e r i a l s ,  a  tw o  p i e c e  
c y l i n d e r  c a n  c o n t a i n  t w i c e  t h e  p r e s s u r e  o f  a  m o n o b lo c  (D a w so n  ( 1 9 7 7 ) ) .  
T h e b a s i c  id e a  i s  t o  u s e  t h e  o u t e r  c y l i n d e r  t o  a p p ly  a  c o m p r e s s i v e  
s t r e s s  t o  t h e  i n n e r  c y l i n d e r  t h e r e b y  r e d u c in g  t h e  s t r e s s  a t  t h e  i n n e r  
c y l i n d e r  s u r f a c e ,  w h e r e  i t  h a s  i t s  h i g h e s t  v a lu e .  T he t w o  c y l i n d e r s  a r e  
d e s i g n e d  t o  h a v e  a n  i n t e r f e r e n c e  f i t  e i t h e r  b y  h e a t i n g  t h e  o u t e r  s o  t h a t  
i t s  b o r e  e x p a n d s  b e f o r e  s l i d i n g  i t  o v e r  t h e  in n e r  c y l i n d e r  o r ,  a s  w i t h  
t h e  s y s t e m  u s e d  h e r e ,  b y  t a p e r i n g  t h e  m a t in g  f a c e s  a n d  f o r c i n g  t h e  p a r t s  
t o g e t h e r .  A d ia g r a m  o f  t h e  tw o  p i e c e  c y l i n d e r  u s e d  f o r  1 5 k b a r  
m e a s u r e m e n ts  h e r e  i s  s h o w n  i n  F ig  .6 .2 .  A f t e r  f i t t i n g  t h e  c y l i n d e r s  
t o g e t h e r ,  t h e  in n e r  b o r e  w a s  h o n e d  t o  s i z e ,  a b o u t  29m m  d ia m e t e r .  
P e r i o d i c a l l y ,  o r  a f t e r  a c c i d e n t a l  d a m a g e  t o  t h e  i n n e r  s u r f a c e ,  t h e  b o r e  
w a s  r e h o n e d  a s  t h e  s u r f a c e  f i n i s h  i s  im p o r t a n t  i n  o b t a i n i n g  a  r e l i a b l e  
h ig h  p r e s s u r e  s e a l .
P r e s s u r e  i s  t r a n s m i t t e d  t o  t h e  s a m p le  b y  f i l l i n g  t h e  c y l i n d e r  w it h  
a  s u i t a b l e  l i q u i d  s y s t e m .  A b a la n c e  h a s  t o  b e  s t r u c k  b e t w e e n  e a s e  o f  
s e a l i n g  a n d  t h e  o t h e r  r e q u ir e m e n t s  o f  t h e  e x p e r im e n t .  S u i t a b l e  i n  m o s t  
c a s e s  t o  8 k b a r  i s  c a s t o r  o i l  w h ic h  i s  f a i r l y  v i s c o u s  a n d  e a s y  t o  s e a l .  
H o w e v e r , t h i s  f r e e z e s  b e f o r e  I S k b a r  a t  room  t e m p e r a t u r e  w h ic h  w o u ld  
r e s u l t  i n  n o n - h y d r o s t a t i c  s t r e s s e s  a t  t h e s e  p r e s s u r e s  a n d  s o  r o u t i n e l y  a  
5 0 : 5 0  m ix t u r e  o f  c a s t o r  o i l  a n d  a m y l a l c o h o l  w a s  u s e d .
6 . 4 . 1  P I S T O N  AND C Y L IN D E R  SY ST E M
6 ?
2 :  C o n s t r u c t i o n  o f  t w o  p i e c e  h i g h  p r e s s u r e  c y l i n d e r
f o r  u s e  t o  1 5  k b a r .
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T h e p i s t o n  a n d  c y l i n d e r  s y s t e m  w a s  a l s o  u s e d  t o  g e n e r a t e  p r e s s u r e  
t r a n s m i t t e d  t o  a  m i n i a t u r e  p r e s s u r e  c e l l  v i a  a  c a p i l l a r y  w i t h  a  l e n g t h  
o f  s o m e  m e t r e s  a n d  a  b o r e  o f  0 .6m m , F a r  t h i s  a p p l i c a t i o n ,  n e i t h e r  o f  t h e  
f l u i d s  m e n t io n e d  a r e  s u i t a b l e  a s  t h e i r  v i s c o s i t y  m e a n s  t h a t  f l o w  d ow n  
t h e  c a p i l l a r y  i s  v e r y  d i f f i c u l t  a n d  t h e r e  i s  a  l a r g e  p r e s s u r e  d r o p . In  
t h i s  c a s e ,  a  5 0 :5 0  m ix t u r e  o f  n - p e n t a n e  a n d  i s o p e n t a n e  w a s  fo u n d  t o  b e  
s u i t a b l e ,  a l t h o u g h  m uch  m o re  d i f f i c u l t  t o  s e a l .
A p i s t o n  i s  f i t t e d  i n t o  t h e  c y l i n d e r ,  a s  s h o w n  in  F i g . 6 . 3 ,  a t  e a c h  
e n d , - m ade o f  s u i t a b l y  h a r d e n e d  t o o l  s t e e l  a n d  g r o u n d  t o  f i t  t h e  
c y l i n d e r s .  L e a d s  t o  e i g h t  c o n t a c t  t e r m i n a l s  o n  t h e  p i s t o n  h e a d  p a s s  
t h r o u g h  a  h o l e  d ow n  t h e  m id d le  o f  t h e  p i s t o n .  T he t e r m i n a l s  a r e  m ade o f  
h a r d e n e d  s t e e l  f i t t e d  i n t o  i n s u l a t i n g  s l e e v e s .  F o r  u s e  w i t h  o n e  o f  t h e  
o i l - b a s e d  f l u i d s  t h e s e  s l e e v e s  w e r e  m ad e o f  a  c e r a m ic  b u t  t h i s  w a s  fo u n d  
t o  b e  u n s a t i s f a c t o r y  f o r  s e a l i n g  t h e  p e n t a n e  m ix t u r e .  T h e d i f f i c u l t y  o f  
g e t t i n g  a  c l o s e  f i t  b e t w e e n  p lu g  a n d  s l e e v e ,  c o m b in e d  w i t h  t h e  h a r d n e s s  
o f  t h e  m a t e r i a l s  m ad e  s e a l i n g  u n r e l i a b l e .  S om e s u c c e s s  w a s  o b t a i n e d  
u s i n g  V e s p e l ,  a  p l a s t i c  p r o d u c e d  b y  D u P o n t , w h ic h  d e fo r m e d  d u r in g  p r e ­
s e a l i n g  w i t h  c a s t o r  o i l  t o  g i v e  a  c l o s e  f i t  t o  t h e  s t e e l  p l u g s .
F o u r  o f  t h e  t e r m i n a l s  o n  t h e  t o p  p i s t o n  w e r e  u s e d  f o r  c o n n e c t i o n  
t o  t h e  t e s t  s a m p le  a n d  tw o  m o r e  t o  a  t h e r m o c o u p le  f o r  m o n i t o r in g  t h e  
s a m p le  t e m p e r a t u r e .  T h e  r e m a in in g  tw o  o n  t h e  t o p  p i s t o n  w e r e  u s e d  t o  
c o n n e c t  t o  a  t o r o i d a l  e l e c t r o m a g n e t  c o n s i s t i n g  o f  m u m eta l c o r e  w ound  
w i t h  e n a m e l le d  c o p p e r  w ir e .  D e p e n d in g  o n  p o l e  g a p  a  t y p i c a l  f i e l d  o f  
a b o u t  3 0 0 - 5 0 0  g a u s s  c o u ld  b e  o b t a i n e d  w i t h  c u r r e n t s  o f  a r o u n d  50m A , 
s m a l l  e n o u g h  t o  a v o i d  s i g n i f i c a n t  r e s i s t i v e  h e a t i n g .  On t h e  b o t t o m  
p i s t o n  a  c o i l  o f  m a n g a n in  w ir e  o f  r e s i s t a n c e  ^ 1 0 0 0  w a s  m o u n te d  f o r  u s e  
a s  a  p r e s s u r e  g a u g e .
F i g . 6 . 3 a :  D e t a i l  o f  p i s t o n  h e a d  s h o w i n g  e l e c t r i c a l
l e a d t h r o u g h s  a n d  s e a l i n g  r i n g s .
F i g . p . 3 b :  U s e  o f  p i s t o n  a n d  c y l i n d e r  s y s t e m  s h o w i n g
s a m p l e  m o u n t i n g  f o r  H a l l  e f f e c t  m e a s u r e m e n t s
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T h i s  w a s  t e m p e r a t u r e  a n d  p r e s s u r e  c y c l e d  a f t e r  w in d in g  t o  e l i m i n a t e
s t r e s s e s .  T he r e s i s t a n c e  o f  m a n g a n in  i n c r e a s e s  u n d e r  h y d r o s t a t i c
p r e s s u r e  w it h  a  c o e f f i c i e n t ,  X, o f  2 . 3 x l 0 ~ 3  k b a r - 1 , ( P e g g s  ( 1 9 8 3 ) ) .
M e a s u r in g  t h e  r e s i s t a n c e  a t  a t m o s p h e r i c  p r e s s u r e ,  R ( 0 ) ,  a n d  a t  a
p r e s s u r e  P , R (P ) , t h e  p r e s s u r e  i s  g i v e n  b y ,
p _ I. , (E_<P> X ( f . R x
X R ( 0 >  ( 6 ,5 )
S e a l i n g  b e t w e e n  t h e  p i s t o n  a n d  c y l i n d e r  i s  a c h i e v e d  u s i n g  a
b e v e l l e d  r i n g  m ade fr o m  e i t h e r  p h o s p h o r - b r o n z e  o r  n y lo n ,  a n d  a  n e o p r e n e  
0 - r i n g .  A t lo w  p r e s s u r e s  s e a l i n g  i s  b y  t h e  n e o p r e n e  0 - r i n g  a n d  a t  h i g h e r  
p r e s s u r e s  w h e r e  t h e  b e v e l l e d  r i n g  s t a r t s  t o  d e fo r m  a p p r e c i a b l y  t h i s  r i n g  
t a k e s  o v e r ,  P h o s p h o r  b r o n z e  w a s  u s e d  i n  a l l  s e a l i n g  t o  1 5 k b a r  a n d  i s  
s u i t a b l e  f o r  u s e  t o  8 k b a r  w i t h  c a s t o r  o i l / a m y l  a l c o h o l .  S e a l i n g  o f  
p e n t a n e  r e q u i r e s  a  s o f t e r  s e a l  w h ic h  c a n  e x t r u d e  f a i r l y  e a s i l y  a n d  s e a l  
a n y  s m a l l  g a p s .  N y lo n  i s  s u i t a b l e  f o r  t h i s .  H o w ev er , t h i s  e x t r u s i o n  c a n  
l e a d  t o  f a i l u r e  o f  t h e  r i n g  a t  h i g h  p r e s s u r e s  a n d  s o  n y lo n  c a n n o t  b e  
u s e d  a b o v e  lO k b a r . P r e s s u r e  i s  g e n e r a t e d  i n  t h i s  s y s t e m  u s i n g  a
h y d r a u l i c  ram  a n d  e i t h e r  a  h a n d  pum p o r  a n  e l e c t r i c  pum p.
6 . 4 . 2  LOW T E M P E R A T U R E  C E L L
F o r  lo w  t e m p e r a t u r e  m e a s u r e m e n t s  a t  h ig h  p r e s s u r e s  a  s m a l l  tw o
p i e c e  c y l i n d r i c a l  c e l l  w a s  d e v e lo p e d  (L a m b k in  e t  a l .  ( 1 9 8 7 ) ) .  F i g .6 ,4  i s
a  d ia g r a m  o f  t h i s  s y s t e m ,  I t  i s  m ad e o f  Cu:Be (G ra d e  2 5 0 )  m a c h in e d  h a l f -  
h a r d  a n d  h e a t  t r e a t e d  t o  a  f i n a l  h a r d n e s s  o f  R o c k w e l l  3 4 C . B e in g  m ad e o f  
C u:B e i t  i s  s u i t a b l e  f o r  u s e  i n  m a g n e t i c  f i e l d s .
Leak Pcih
Ca >' it
F i g . 6 . 4 :  D i a g r a m  o f  l o w  t e m p e r a t u r e  c a p i l l a r y  f e d  h i g h
p r e s s u r e  s y s t e m  i n c l u d i n g  ' H a r w o o d '  t y p e  s e a l .
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T h e o u t e r  d ia m e t e r  i s  19mm s o  t h e  c e l l  f i t s  t h e  b o r e  o f  t h e  C F 1 2 0 4  
c r y o s t a t .  T he in n e r  b o r e  i s  5mm an d  i s  r e a m e d  a f t e r  a s s e m b ly  o f  t h e  
c y l i n d e r .  E a ch  en d  o f  t h e  c y l i n d e r  i s  s e a l e d  w i t h  a  s t a t i c  Cu:Be p i s t o n  
b a c k e d  b y  a  t h r e a d e d  p lu g  w i t h  a n  O - r in g  a n d  n y lo n  b e v e l l e d  r i n g  
s e a l i n g  a g a i n s t  t h e  b o r e ,  T h e  b o t t o m  p i s t o n  i s  b la n k  w h i l e  t h e  u p p e r
p i s t o n  c a r r i e s  t h e  s a m p le  m o u n t . A c a p i l l a r y  f e e d  (H arw ood  0 ,1 2 5  in c h  
O .D ., 0 .0 2 5  in c h  b o r e  s t a i n l e s s  s t e e l )  i s  f i t t e d  i n t o  t h i s  u s i n g  a  
s t a n d a r d  c o n e - t y p e  m e t a l - t o - m e t a l  s e a l .  T h e h o l e  i s  c o n t i n u e d  th r o u g h  t o  
t h e  p i s t o n  f a c e  a n d  t h e  c a p i l l a r y  i s  u s e d  b o t h  t o  in t r o d u c e  h ig h
p r e s s u r e  f l u i d  i n t o  t h e  c e l l  a n d  t o  p a s s  w i r e s  (4 5  g a u g e  e n a m e l le d
c o p p e r  w i r e s )  a n d  o p t i c a l  f i b r e s  ( 1 4 0 / 1 0 0 ) ,  T h e c a p i l l a r y  a l s o  a c t s  a s  
s u p p o r t  f o r  t h e  c e l l  i n  t h e  c r y o s t a t  a n d  i s  f i t t e d  w i t h  r a d i a t i o n
s h i e l d s .  O u t s id e  t h e  c r y o s t a t  t h e  c a p i l l a r y  i s  c o n n e c t e d  t o  a  H arw ood
t h r e e  w a y  c o u p le r  u s i n g  t h e  s t a n d a r d  c o n e  f i t t i n g  m e n t io n e d  a b o v e .  T he  
s t r a i g h t  t h r o u g h  o u t l e t ,  i s  f i t t e d  w i t h  a  s h o r t  l e n g t h  o f  c a p i l l a r y  i n t o
w h ic h  t h e  w i r e s  a n d  f i b r e s  a r e  s e a l e d  w i t h  e p o x y  r e s i n .  T h is  s e a l
r e m a i n s  a t  room  t e m p e r a t u r e  a n d  s h o u l d  b e  m o re  r e l i a b l e  t h a n  o n e  t h a t  
i s  r e p e a t e d l y  c y c l e d  in  t e m p e r a t u r e  a s  w o u ld  b e  t h e  c a s e  i f  s e a l i n g  o f  
l e a d s  w a s  d o n e  on  e n t r y  t o  t h e  c e l l .  T h e  t h i r d  p o r t  o f  t h e  c o u p le r  i s  
c o n n e c t e d  t o  a  l e n g t h  o f  c a p i l l a r y  w h ic h  i s  o f  s u f f i c i e n t  l e n g t h  t o  b e  
f a i r l y  f l e x i b l e .  T h e o t h e r  e n d  o f  t h i s  i s  s e a l e d  th r o u g h  a  f l a t - t o p p e d  
t h r u s t  p i s t o n  i n t o  a  l a r g e  p i s t o n  a n d  c y l i n d e r  *  s y s t e m  in  w h ic h  t h e  
p r e s s u r e  i s  g e n e r a t e d  w i t h  t h e  w h o le  s y s t e m  a t  room  te m p e r a t u r e .
P r e s s u r e  c a n  o n ly  b e  c h a n g e d  w i t h  t h e  s y s t e m  a t  room  t e m p e r a t u r e  s o  
m e a s u r e m e n t s  c o n s i s t  o f  a  s e r i e s  o f  t e m p e r a t u r e  r u n s  a t  d i f f e r e n t  
p r e s s u r e s .  T he p i s t o n  a n d  c y l i n d e r  a p p a r a t u s  i s  s h i e l d e d  u s i n g  m e t a l  
p l a t e s  a n d  t h e  c a p i l l a r y  i s  c o n t a i n e d  w i t h i n  r e i n f o r c e d  r u b b e r  t u b in g  t o
r e s t r a i n  t h e  b r o k e n  e n d  o f  a  f a i l e d  c a p i l l a r y  a n d  a l s o  t o  c o n t a i n  a  j e t
o f  h i g h  p r e s s u r e  f l u i d .  T h e  c r y o s t a t  i s  h e ld  w i t h i n  a  m a s s iv e  b r a s s
t u b e .  T h e s e  p r e c a u t i o n s  s h o u l d  e n s u r e  t h a t  in  t h e  e v e n t  o f  a  f a i l u r e  t h e
s y s t e m  r e m a in s  s a f e .  H o w e v e r , t h e  r a t i n g  o f  t h e  s y s t e m  t o  8 k b a r  i s  v e r y
c o n s e r v a t i v e  s o  s u c h  f a i l u r e  s h o u l d  b e  u n l i k e l y  e v e n  in  e x t e n d e d  u s e .
A s m e n t io n e d  a b o v e ,  a  s u i t a b l e  f l u i d  f o r  t r a n s m i s s i o n  o f  p r e s s u r e
fr o m  t h e  l a r g e  c y l i n d e r  t o  t h e  c e l l  i s  a  5 0 :5 0  m ix t u r e  o f  n - p e n t a n e  a n d
i s o p e n t a n e .  H o w e v e r , u s i n g  t h i s  l e d  t o  c o n s i d e r a b l e  d i f f i c u l t y  in  c o o l i n g .
On f r e e z i n g  o f  t h e  f l u i d ,  b e tw e e n  9 0  a n d  150K  d e p e n d in g  o n  t h e  p r e s s u r e ,
p r e s s u r e  c h a n g e s  a n d  n o n - h y d r o s t a t i c  s t r e s s e s  b e c a m e  a  p r o b le m  d e s p i t e
a t t e m p t s  t o  e n s u r e  f r e e z i n g  o c c u r r e d  fr o m  t h e  b o t to m  o f  t h e  c e l l  u p w a r d s
e n a b l i n g  f r e e z i n g  t o  o c c u r  a t  c o n s t a n t  p r e s s u r e  m a i n t a in e d  v i a  t h e  s t i l l
l i q u i d  p a t h  t o  t h e  h i g h  p r e s s u r e  c y l i n d e r  a t  room  t e m p e r a t u r e .  A
s o l u t i o n  t o  t h i s  w a s  fo u n d  i n  t h e  u s e  o f  a  f l u i d ,  i m m i s c i b l e  w i t h
p e n t a n e  a n d  w h ic h  f r e e z e s  a t  r e l a t i v e l y  h ig h  t e m p e r a t u r e s ,  in  t h e  c e l l
i t s e l f ,  w h i l e  k e e p in g  t h e  p e n t a n e  m ix t u r e  a s  t h e  f l u i d  i n  t h e  c a p i l l a r y .
A s u i t a b l e  f l u i d  w a s  fo u n d  t o  b e  s a f f l o w e r  o i l .  T h i s  f r e e z e s  w h i l e  t h e
p e n t a n e  i s  s t i l l  l i q u i d  a n d  i s  t h u s  m a in t a in e d  a t  c o n s t a n t  p r e s s u r e .
H a v in g  f r o z e n  i t  i s  i n s e n s i t i v e  t o  c h a n g e s  in  v o lu m e  a t  t h e  p e n t a n e
f r e e z i n g  p o i n t  a n d  c o o l i n g  t o  lo w  t e m p e r a t u r e s  c a n  b e  a c h ie v e d  w i t h
n e g l i g i b l e  p r e s s u r e  c h a n g e s .  T h is  h a s  b e e n  c o n f i r m e d  b y
✓
p h o t o c o n d u c t i v i t y  m e a s u r e m e n t s  on  s e m ic o n d u c t o r  s a m p le s  w h ic h  i n d i c a t e  
t h a t  t h e  p r e s s u r e  i n  t h e  c e l l  a t  lo w  t e m p e r a t u r e s  i s  t h e  sa m e  a s
m e a s u r e d  b y  t h e  m a n g a n in  g a u g e  i n  t h e  l a r g e  c y l i n d e r  w h ic h  i s  r o u t i n e l y
/
u s e d  a s  t h e  p r e s s u r e  g a u g e .
74
TE M PERATUR E AND P R E S S U R E  DEPENDENCE OF EL ECT RON M O B I L I T Y
I N  G a A s  AND I n P
7 .  1 IN T R O D U C T I O N
H a l l  e f f e c t  a n d  r e s i s t i v i t y  m e a s u r e m e n ts  m ade on  a  v a r i e t y  o f  
s a m p l e s  o f  G aA s a n d  In P , g r o w n  b y  a  n u m b er  o f  d i f f e r e n t  t e c h n i q u e s ,  a s  a  
f u n c t i o n  o f  t e m p e r a t u r e  a n d  o f  p r e s s u r e  t o  8 k b a r  a t  room  te m p e r a t u r e  
h a v e  b e e n  a n a l y s e d  u s i n g  a n  i t e r a t i v e  s o l u t i o n  o f  t h e  B o ltz m a n n  e q u a t io n .
7 . 2  H I G H  P U R I T Y  M ATER IA L
R e s u l t s  o f  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  m o b i l i t y  in  h ig h  
p u r i t y  InP  a n d  G aA s a r e  s h o w n  in  F i g s . 7 .1  a n d  7 .2 .  T h e m o b i l i t y  i s  
l i m i t e d  b y  p h o n o n  s c a t t e r i n g  a t  a l l  b u t  t h e  l o w e s t  t e m p e r a t u r e s .  T he  
h i g h e s t  p u r i t y  InP  s a m p le  i s  w o r th  s p e c i a l  m e n t io n .  I t  w a s  g r o w n  b y  lo w  
p r e s s u r e  MOCVD a t  a  t e m p e r a t u r e  o f  5 7 0 °C a t  STC T e c h n o lo g y  L td .,H a r lo w  
(T h r u s h  e t  a l .  ( 1 9 8 7 ) ) .  T h e m o b i l i t y  o f  t h i s  s a m p le  a t  77K  i s  in  e x c e s s  
o f  3 0 0 ,0 0 0  w h ic h  c o m p a r e s  w i t h  t h e  p r e v i o u s  b e s t  r e p o r t e d  v a lu e  o f
1 4 7 ,0 0 0  (D i F o r t e - P o i s s o n  e t  a l .  ( 1 9 8 5 ) ) .  T h i s  s a m p le  p r o v i d e s  an  
e x c e l l e n t  m e a n s  o f  d e t e r m in in g  t h e  d e f o r m a t io n  p o t e n t i a l  in  In P . T he  
d e f o r m a t i o n  p o t e n t i a l  d i s c u s s e d  h e r e  d e s c r i b e s  how  t h e  c o n d u c t i o n  b a n d  
e d g e  m o v e s  i n  r e s p o n s e  t o  c h a n g e s  in  a t o m ic  s e p a r a t i o n .  I t  a f f e c t s  t h e  
e l e c t r o n  t r a n s p o r t  p r o p e r t i e s  b y  w ay  o f  t h e  c o u p l i n g  o f  t h e  e l e c t r o n s  t o  
a c o u s t i c  p h o n o n s ,  T h e e f f e c t  o f  a c o u s t i c  p h o n o n  s c a t t e r i n g  i s  m a sk ed  a t  
h i g h  t e m p e r a t u r e s  b y  p o l a r  o p t i c a l  p h o n o n  s c a t t e r i n g ,  a n d  a t  lo w  
t e m p e r a t u r e s  b y  i o n i s e d  im p u r i t y  s c a t t e r i n g .  T h e i n f l u e n c e  o f  i o n i s e d
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i m p u r i t y  s c a t t e r i n g  i s  f e l t  a t  p r o g r e s s i v e l y  h ig h e r  t e m p e r a t u r e s  a s  t h e  
i m p u r i t y  d e n s i t y  i s  i n c r e a s e d  a n d  s o ,  u n l e s s  t h e  s a m p le  i s  e x c e p t i o n a l l y  
p u r e ,  t h e  r a n g e  o f  t e m p e r a t u r e s  o v e r  w h ic h  a c o u s t i c  p h o n o n  s c a t t e r i n g  i s  
a p p r e c i a b l e  i s  s e v e r e l y  l i m i t e d .  F o r  t h i s  r e a s o n ,  r e p o r t e d  v a l u e s  o f  t h e  
d e f o r m a t io n  p o t e n t i a l  h a v e  b e e n  v a r i a b l e .  T a k e d a  an d  S a s a k i  ( 1 9 8 4 )  q u o t e  
3 .4 e V ,  R od e h a s  u s e d  v a l u e s  r a n g i n g  fr o m  6 .8 e V  (1 9 7 5 )  t o  1 4 .5 e V  ( 1 9 7 1 ) ,  
N a g  a n d  D u tta  ( 1 9 7 8 ) ,  a n a l y s i n g  t h e  d a t a  o f  P o t t e r  ( 1 9 7 5 )  u s i n g  an  ISB E , 
o b t a i n e d  1 8eV .
C o n s id e r i n g  o u r  v e r y  h ig h  p u r i t y  s a m p le ,  w h ic h  p r o v i d e s  
u n p r e c e d e n t e d  s e n s i t i v i t y  t o  v a r i a t i o n s  i n  t h e  d e f o r m a t io n  p o t e n t i a l ,  a n d  
a n  ISBE a n a l y s i s ,  w e o b t a i n  t h e  s o l i d  l i n e  in  F i g .7 .1  w i t h  a  d e f o r m a t io n  
p o t e n t i a l  o f  6 .7 e V . T h i s  v a lu e  a g r e e s  w e l l  w i t h  a  r e c e n t  e x p e r im e n t a l  
d e t e r m i n a t i o n  b y  N o l t e  e t  a l .  ( 1 9 8 7 )  w h o  fo u n d  a  v a lu e  o f  7 .0 e V  b y  DLTS 
u n d e r  u n i a x i a l  s t r e s s  o n  s a m p le s  d o p e d  w i t h  T i  an d  w i t h  V, a  r a r e  d i r e c t  
m e a s u r e m e n t  o f  t h e  d e f o r m a t io n  p o t e n t i a l s .
T he c o n d u c t i o n  b a n d  d e f o r m a t io n  p o t e n t i a l  i s  r e l a t e d  t o  t h e  
p r e s s u r e  c o e f f i c i e n t  o f  t h e  b a n d  g a p  w h ic h  h a s  tw o  c o m p o n e n t s  -  
m o v e m e n t o f  t h e  c o n d u c t i o n  a n d  v a l e n c e  b a n d  e d g e s .  In  o t h e r  z in c b l e n d e  
s e m i c o n d u c t o r s ,  s u c h  a s  G aA s, t h e  d e f o r m a t io n  p o t e n t i a l  a s  c o m p a r e d  w i t h  
t h e  b a n d  g a p  p r e s s u r e  c o e f f i c i e n t  i s  c o n s i s t e n t  w it h  t h e  v a l e n c e  b a n d  
m o v in g  l i t t l e  w i t h  h y d r o s t a t i c  s t r a i n  a n d  t h i s  i s  in  a g r e e m e n t  w it h  
r e c e n t  t h e o r e t i c a l  c a l c u l a t i o n s  (C a r d o n a  a n d  C h r i s t e n s e n  ( 1 9 8 7 ) ,  v a n  d e r  
V a l l e  a n d  M a r t in  ( 1 9 8 7 ) ) .  M u lle r  e t  a l ,  ( 1 9 8 0 )  h a v e  d e t e r m in e d  t h e  
d e f o r m a t io n  p o t e n t i a l  f o r  t h e  b a n d g a p  i n  InP  t o  b e  6 .3 e V . C o m p a r in g  t h e  
p r e s s u r e  c o e f f i c i e n t s  o f  t h e  b a n d  g a p  o f  GaAs a n d  InP  (1 0 .7  a n d  
8 ,5 m e V /k b a r ) , w e w o u ld  e x p e c t  t h e  d e f o r m a t io n  p o t e n t i a l  i n  InP t o  b e  
s o m e w h a t  s m a l l e r  t h a n  i n  G aA s 0 * 9 .O e v ) .
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T e m p e r a t u r e  (K )
F i  g  . '7  . 1 :  T e m p e r a t u r e  d e p e n d e n c e  o f  t h e  m o b i l i t y  f o r  t h r e e
s a m p l e s  o f  h i g h  p u r i t y  I n P .
C a r r i e r  c o n c e n t r a t i o n ,  n . -  5  » 1 0  1 . A 4-». 'I 0  1 --l , f c S - l O 1-*
S o l i d  l i n e s  a r e  I S B E  c a l c u l a t e d  H a l l  m o b i l i t i e s  u s i n v
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T e m p e r a t  o r e  d e  D e r d e  n e e  o f  + h e  H a l l  m o b i l i t y  
■ s o l i d  s y m b o l s *  a n d  c a r r i e r  c o n c e n t r a t i o n  ( o p e n  s y m b o l s )  
f o r  t w o  s a m p l e s  o i  n i g h  p u r i t y  G a A s .
S o l i d  l i n e s  a r e  I S B F  c a l c u l a t e d  H a l l  m o b i l i t i e s ;  d a s h e d  
l i n e s  a r e  t r u e  c a r r i e r  c o n c e n t r a t i o n s  o b t a i n e d  f r o m  t h e  
e x p e r i m e n t a l  d a t a  b y  c o r r e c t i n g  f o r  t h e  H a l l  f a c t o r .  r H ,
a s  d e  s c  r i  b e d  i  n  t h e  t  e  x t .
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Our r e s u l t  i s  in  a g r e e m e n t  w i t h  t h i s  a n d  r e m o v e s  t h e  a p p a r e n t l y  
a n o m a lo u s  b e h a v io u r  o f  t h e  v a l e n c e  b a n d  in  InP u n d e r  h y d r o s t a t i c  s t r a i n  
w h ic h  i s  r e q u ir e d  b y  t h e  h i g h e r  v a l u e s .
F i t t i n g  i n  a  s i m i l a r  w ay (b u t  w i t h  a  l i t t l e  l e s s  c o n f i d e n c e ! )  t o  t h e  
h i g h  p u r i t y  GaA s s a m p l e s  w e o b t a i n  a  v a lu e  f o r  t h e  d e f o r m a t io n  p o t e n t i a l  
o f  9 ,0 e V . T h is  i s  i n  g o o d  a g r e e m e n t  w i t h  p r e v i o u s l y  p u b l i s h e d  w o r k . L ook  
a n d  C o l t e r  ( 1 9 8 3 )  a n a l y s e d  v e r y  h i g h  m o b i l i t y  VPE m a t e r i a l  a n d  o b t a in e d  
a v a l u e  o f  lO eV , R od e ( 1 9 7 5 )  u s e s  a  v a lu e  o f  8 .6 e V  a n d  V a lu k ie w ic z  e t  a l .  
( 1 9 7 9 ,1 9 8 2 )  g i v e  7 ,0 e V , N o l t e  e t  a l .  ( 1 9 8 7 )  o b t a i n e d  a  v a lu e  o f  9 .3 e V  s o  
t h e  v a l u e s  w e u s e  h e r e  f o r  b o t h  InP  a n d  G aA s a r e  c l o s e  t o  t h e i r  r e s u l t s .
T o f i t  t o  t h e  m e a s u r e d  H a l l  m o b i l i t y  an d  c a r r i e r  c o n c e n t r a t i o n ,  we 
h a v e  in c l u d e d  t h e  e f f e c t  o f  t h e  H a l l  s c a t t e r i n g  f a c t o r ,  r n .  V e d o  t h i s  b y  
t a k i n g  t h e  m e a s u r e d  H a l l  c a r r i e r  c o n c e n t r a t i o n  a n d  u s i n g  t h i s  a s  an  
i n p u t  t r u e  c a r r i e r  c o n c e n t r a t i o n  t o  t h e  ISBE p r o g r a m , a s s u m in g  rn  = 1 .  
V e t h e n  c a l c u l a t e  t h e  v a r i a t i o n  o f  r w w i t h  t e m p e r a t u r e  a n d  u s e  t h i s  t o  
r e f i n e  o u r  e s t i m a t e  o f  t h e  t r u e  c a r r i e r  c o n c e n t r a t i o n ,  T h i s  i s  t h e n  u s e d  
i n  t h e  ISBE a n d  t h e  p r o c e s s  r e p e a t e d  u n t i l  t h e  r e s u l t s  c o n v e r g e ,  
g e n e r a l l y  in  3 - 4  c y c l e s .  A r t e f a c t s  a s s o c i a t e d  w i t h  t h e  t e m p e r a t u r e  
d e p e n d e n c e  o f  r H a p p e a r in g  in  m o b i l i t y  a n d  c a r r i e r  c o n c e n t r a t i o n  v s .  
t e m p e r a t u r e  r e s u l t s  a r e  r e m o v e d  i n  t h i s  w a y . F o r  e x a m p le ,  in  F i g .7 .2  i s  
p l o t t e d  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  H a l l  c a r r i e r  c o n c e n t r a t i o n  f o r  
t h e  G aA s s a m p le s .  T he d a s h e d  l i n e s  a r e  t h e  c o r r e s p o n d i n g  t r u e  c a r r i e r  
c o n c e n t r a t i o n s .  T h e d i p  i n  t h e  H a l l  c a r r i e r  c o n c e n t r a t i o n  i s  t h u s  s e e n  t o  
b e  a s s o c i a t e d  w i t h  c h a n g e s  in  r Hi r a t h e r  th a n  a n y  r e a l  c h a n g e  in  
e l e c t r o n  c o n c e n t r a t i o n .  T h e  s o l i d  l i n e s  i n  F i g s . 7 .1  a n d  7 .2  a r e  ISBE  
c a l c u l a t e d  H a l l  m o b i l i t i e s ,  b a s e d  o n  t h e  f i t t i n g  p r o c e d u r e  d e s c r i b e d  
a b o v e .  T h e a g r e e m e n t  i s  c l e a r l y  v e r y  g o o d .
Pressure [kbar)
F i g . 7 . 3 :  P r e s s u r e  d e p e n d e n c e  o f  t h e  H a l l  m o b i l i t y  f o r
s a m p l e s  o f  I n P  w i t h  d i f f e r e n t  d o p i n g  d e n s i t i e s .
S o l i d  c u r v e  i s  a n  I S B E  c a l c u l a t e d  v a r i a t i o n  f o r  h i g h  
p u r i t y  m a t e r i a l  . D a s h e d  c u r v e  i s  a n  I S B E  c a l c u l a t e d  
v a r i a t i o n  f o r  m a t e r i a l  w i t h  n = 5 >  1 0 1 ; . D o t - d a s h e d  l i n e
i s  t h e  p r e s s u r e  d e p e n d e n c e  o f  t h e  d r i f t  m o b i l i t y  
i n c l u d i n g  s c a t t e r i n g  f r o m  a  c o r r e l a t e d  d i s t r i b u t i o n  o f  
i m p u r i t  i e s  ( n =  1 . 2 * 1 0  ' ' " c m > .
F i g . 7 .  4 :  P r e s s u r e  d e p e n d e n c e  01  t h ?  H a l l  m o b i l i t y  f o r
s a m p l e s  o f  G a A s  w i t h  d i f f e r e n t  d o p i n g  d e n s i t i e s . S o l i d  
c u r v e  i s  a n  I S B E  c a l c u l a t e d  v a r i a t i o n  f o r  h i g h  p u r i t y  
m a t e r i a l .  D a s h e d  c u r v e  i s  a n  I S B E  c a l c u l a t e d  v a r i a t i o n  
f o r  m a t e r i a l  w i t h  n = 2 * 1 0 ! . D o t - d a s h e d  l i n e  i s  t h e
p r e s s u r e  d e p e n d e n c e  o f  t h e  d r i f t  m o b i l i t y  i n c l u d i n g  
s c a t t e r i n g  f r o m  a  c o r r e l a t e d  d i s t r i b u t i o n  o f  i m p u r i t i e s
< 9  . 7  x 1 Q 1 : :c  m .
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A f u r t h e r  t e s t  o f  t h e  t h e o r y  f o r  h ig h  p u r i t y  m a t e r i a l  i s  t o  
c o n s i d e r  t h e  p r e s s u r e  d e p e n d e n c e  o f  t h e  H a l l  m o b i l i t y .  H y d r o s t a t i c  
p r e s s u r e  c h a n g e s  s e v e r a l  m a t e r i a l  p a r a m e t e r s ,  i n  p a r t i c u l a r  t h e  e l e c t r o n  
e f f e c t i v e  m a s s ,  a s  d i s c u s s e d  i n  C h a p te r  5 ,  a n d  i n c o r p o r a t i n g  t h e s e  
c h a n g e s  i n t o  t h e  ISB E , w e c a n  c a l c u l a t e  t h e  e x p e c t e d  m o b i l i t y  c h a n g e s .  
F i g s . 7 .3  a n d  7 .4  sh o w  t h e  m e a s u r e d  p r e s s u r e  d e p e n d e n c e  o f  t h e  H a l l  
m o b i l i t y  f o r  s a m p le s  w i t h  v a r y i n g  d o p in g  d e n s i t y .  T h e v a l u e s  a r e  
n o r m a l i s e d  t o  a t m o s p h e r ic  p r e s s u r e  v a l u e s  s o  t h a t  t h e  f u n c t i o n a l  
d e p e n d e n c e  o f  t h e  m o b i l i t y  o n , f o r  e x a m p le ,  t h e  e f f e c t i v e  m a s s ,  i s  m o re  
a p p a r e n t .  C o n c e n t r a t i n g  f i r s t  on  t h e  h i g h  p u r i t y  s a m p l e s ,  w h ic h  sh o w  t h e  
w e a k e s t  p r e s s u r e  d e p e n d e n c e ,  t h e  s o l i d  l i n e s  a r e  t h e  c o r r e s p o n d i n g  
t h e o r e t i c a l  v a r i a t i o n s  a n d  i t  i s  c l e a r  t h a t  t h e  e x p e r i m e n t a l  r e s u l t s  a r e  
w e l l  d e s c r i b e d  b y  t h e  t h e o r y  f o r  t h e s e  s a m p le s .  T h is  i n d i c a t e s  t h a t  b o t h  
t h e  m e th o d  o f  c a l c u l a t i o n  a n d  t h e  m a t e r i a l  p a r a m e t e r s  a d o p t e d  h e r e  a r e  
a d e q u a t e  f o r  t h e  t a s k  o f  m o d e l l i n g  r e l a t i v e l y  p u r e  m a t e r i a l .
7 . 3  DOPED MATERIAL
H a v in g  e s t a b l i s h e d  t h a t  o u r  u p d e r s t a n d in g  o f  t h e  m o b i l i t y  b e h a v io u r  
w i t h  t e m p e r a t u r e  a n d  p r e s s u r e  in  b o t h  p u r e  GaAs a n d  InP  i s  g o o d ,  l e t  u s  
n ow  c o n s i d e r  t h e  e f f e c t  o f  i n t r o d u c i n g  i m p u r i t i e s ,  T h e  i n t r i n s i c  l a t t i c e  
s c a t t e r i n g  m e c h a n is m s  w i l l  n o t  b e  m uch a f f e c t e d ,  s o  t h e  m a in  e f f e c t  w i l l  
b e  t h e  i n t r o d u c t i o n  o f  i o n i s e d  im p u r i t y  s c a t t e r i n g . . * F i g s . 7 .5  a n d  7 .6  s h o w  
t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  m o b i l i t y  f o r  InP  a n d  G aA s s a m p le s
r e s p e c t i v e l y  w i t h  i n c r e a s i n g  i m p u r i t y  d e n s i t y .  T h e lo w  t e m p e r a t u r e
m o b i l i t y  i s  d e p r e s s e d  a n d  t h e  p e a k  i n  t h e  m o b i l i t y  s h i f t s  t o  h i g h e r
t e m p e r a t u r e s  a n d  b e c o m e s  f l a t t e n e d .  T h e s e  f e a t u r e s  a r e  q u a l i t a t i v e l y  w h a t
i s  e x p e c t e d .
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F i g . 7 . 5 :  T e m p e r a t u r e  d e p e n d e n c e  o f  m o b i l i t y  f o r  I n P  w i t h
d i f f e r e n t  d o p i n g  d e n s i t i e s .  S o l i d  l i n e s -  I S B E  c a l c u l a t e d  
H a l l  m o b i l i t i e s .  D a s h e d  l i n e -  c a l c u l a t e d  d r i f t  m o b i l i t y  
a s s u m i n g  a  c o r r e l a t e d  i m p u r i t y  d i s t r i b u t i o n .
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T e m p e r a t u r e  (K)
F i g .  ?.<;>: T e m p e r a t u r e  d e p e n d e n c e  o l  m o b i l i t y  f o r  G a A s
w i t h  d i f f e r e n t  d o p i n g  d e n s i t i e s .  S o l i d  l i n e s -  I S B E  
c a l c u l a t e d  H a l l  m o b i l i t i e s .  D a s h e d  l i n e -  c a l c u l a t e d  
d r i f t  m o b i l i t y  a s s u m i n g  a  c o r r e l a t e d  i m p u r i t y
d i s t r i b u t i o n .
R e tu r n in g  now  t o  F i g s ,7 .3  a n d  7 . 4 ,  t h e s e  f i g u r e s  s h o w  t h e  p r e s s u r e  
d e p e n d e n c e  o f  t h e  n o r m a l i s e d  e l e c t r o n  m o b i l i t y  f o r  t h e  sa m e  s a m p le s .  
T h i s  s h o w s  a  c o n s i s t e n t  i n c r e a s e  i n  t h e  p r e s s u r e  d e p e n d e n c e  o f  t h e  
e l e c t r o n  m o b i l i t y  w i t h  i n c r e a s i n g  im p u r i t y  d e n s i t y .  T h e  m a jo r  e f f e c t  on  
t h e  m o b i l i t y  o f  i n c r e a s i n g  h y d r o s t a t i c  p r e s s u r e  i s  t h r o u g h  t h e  i n c r e a s e  
o f  e l e c t r o n  e f f e c t i v e  m a s s .  F o r  p u r e  m a t e r i a l ,  p a  m *~*  w i t h  S = 1 .2 1  s o  
i f  t h e  r e l a t i v e  im p o r t a n c e  o f  i o n i s e d  im p u r i t y  s c a t t e r i n g  i s  i n c r e a s i n g ,  
t h e  p r e s s u r e  c o e f f i c i e n t ,  8 , s h o u l d  a p p r o a c h  t h e  v a lu e  c h a r a c t e r i s t i c  o f  
t h i s  m e c h a n is m . In  t h e  B r o o k s - H e r r in g  t h e o r y  t h i s  c o e f f i c i e n t  i s  0 .5  s o  
t h e  p r e s s u r e  d e p e n d e n c e  o f  t h e  e l e c t r o n  m o b i l i t y  s h o u l d  d e c r e a s e  w i t h  
i n c r e a s i n g  im p u r i t y  d e n s i t y .
T h e s e  s i m p l e  a r g u m e n t s  i d e n t i f y  a  p r o b le m  i n  t h e  t r e a t m e n t  o f  
i o n i s e d  im p u r i t y  s c a t t e r i n g .  M ore c a r e f u l  c a l c u l a t i o n  g i v e s  t h e  s o l i d  
l i n e s  in  F i g s . 7 . 7  a n d  7 . 8 .  T h e s e  g r a p h s  sh o w  t h e  p e r c e n t a g e  c h a n g e  i n  
m o b i l i t y  t o  8 k b a r  p l o t t e d  a g a i n s t  m o b i l i t y  a t  a t m o s p h e r i c  p r e s s u r e  a n d
ro o m  te m p e r a t u r e ,  w h ic h  i s  a  m e a s u r e  o f  t h e  s t r e n g t h  o f  i o n i s e d  im p u r i t y
i-
s c a t t e r i n g .  T he d e c r e a s e  in  p r e s s u r e  c o e f f i c i e n t  w i t h  i n c r e a s i n g  d o p in g  
i s  n o t  a s  l a r g e  a s  m ig h t  b e  t h o u g h t  a n d  a s  t h e  c a r r i e r  d e n s i t y  
i n c r e a s e s ,  t h e  c h a n g in g  d e g e n e r a c y  s h o u l d  l e a d  t o  a  v a lu e  o f  6* 2  
(Z a w a d s k i  an d  S y m a n s k i  ( 1 9 7 1 ) ) ,  w h ic h  i s  r e d u c e d  t o  o u r  c a l c u l a t e d  l i n e  
b y  n o n - p a r a b o l i c i t y .  N e v e r t h e l e s s ,  i t  i s  c l e a r  t h a t  w h i l e  a g r e e m e n t  
b e t w e e n  t h e o r y  a n d  e x p e r im e n t  i s  v e r y  g o o d  f b r  p u r e  m a t e r i a l ,  t h e  
d i s c r e p a n c y  g r o w s  a s  i o n i s e d  im p u r i t y  s c a t t e r i n g  b e c o m e s  m o re  
im p o r t a n t .  F o r  t h e  h e a v i e s t  d o p e d  s a m p le s  t h e  a p p l i c a b i l i t y  o f  B r o o k s -  
H e r r in g  t h e o r y  i s  q u e s t i o n a b l e  d u e  t o  t h e  l i m i t a t i o n s  o f  t h e  B o rn  
a p p r o x im a t io n  b u t  t h e  d i s c r e p a n c y  i s  a l r e a d y  a p p a r e n t ,  h o w e v e r ,  f o r  
s a m p l e s  w i t h  H a l l  c a r r i e r  d e n s i t i e s  o f  a r o u n d  1 0 17  cm ~ 3 , f o r  w h ic h
oo<0
F i g . 7 . T ; P e r c e n t a g e  d e c r e a s e  i n  m o b i l i t y  w i t h  h y d r o s t a t i  
p r e s s u r e  f o r  s a m p l e s  o l  I n P .  S o l i d  l i n e -  c a l c u l a t e d  
v a r i a t i o n  u s i n g  B r o o k s - H e r r i n g  t h e o r y .
D o t t e d  l i n e -  c a l c u l a t e d  u s i n g  p h a s e  s h i f t  a n a l y s i s .  
D o t - d a s h e d  l i n e -  c a l c u l a t e d  a s s u m i n g  c o r r e l a t e d  i m p u r i t
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F i g . 7 . 8 :  P e r c e n t a g e  d e c r e a s e  i n  m o b i l i t y  w i t h  h y d r o s t a t i
p r e s s u r e  f o r  s a m p l e s  o f  G a A s .  . S o l i d  l i n e -  c a l c u l a t e d  
v a r i a t i o n  u s i n g  B r o o k s - H e r r i n g  t h e o r y .
D o t t e d  l i n e -  c a l c u l a t e d  u s i n g  p h a s e  s h i f t  a n a l y s i s .  
D o t - d a s h e d  l i n e -  c a l c u l a t e d  a s s u m i n g  c o r r e l a t e d  i m p u r i t
d i s t r  i b u t i o n .
B r o a k s - H e r r in g  t h e o r y  s h o u l d  b e  v a l i d .  A l s o ,  t h e  t e m p e r a t u r e  d e p e n d e n c e  
c a n n o t  b e  s a t i s f a c t o r i l y  f i t t e d  u s i n g  t h e  ISB E . T o o b t a i n  g o o d  a g r e e m e n t  
a t  7 7 K , t h e  c o m p e n s a t io n  r a t i o  ( r a t i o  o f  a c c e p t o r  t o  d o n o r  d e n s i t y )  f o r
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t h e  In P  s a m p le  w i t h  n n = 7 x l 0 1 w h ic h  i s  t h e  o n ly  r e m a in in g  a d j u s t a b l e
p a r a m e t e r  in  t h e  c a l c u l a t i o n ,  m u s t  b e  s e t  t o  = 0 . 2 5 .  T h i s  t y p e  o f  f i t  a t
77K  i s  c o m m o n ly  u s e d  t o  a s s e s s  c o m p e n s a t io n  in  d o p e d  s e m i c o n d u c t o r s  
f a l l o w i n g  w o rk  o f  V a lu k ie w ic z  e t  a l .  ( 1 9 7 9 , 1 9 8 0 , 1 9 8 2 ) .  T h e t e m p e r a t u r e  
d e p e n d e n c e  t h u s  c a l c u l a t e d  i s  a s  g i v e n  i n  F i g . 7 . 4 .  T he a g r e e m e n t  i s
r a t h e r  p o o r  a n d  c a n n o t  b e  im p r o v e d  b y  r e a l i s t i c  c h a n g e s  t o  t h e  i n p u t s  
t o  t h e  c a l c u l a t i o n .  F o r  e x a m p le ,  a  c l o s e r  f i t  a t  h ig h  t e m p e r a t u r e s  c o u ld  
b e  o b t a i n e d  b y  r e d u c in g  t h e  im p u r i t y  c o n c e n t r a t i o n ,  b u t  t h i s  d e g r a d e s  
t h e  a g r e e m e n t  a t  lo w  t e m p e r a t u r e s .  T h i s  p r o b le m  i s  t y p i c a l  o f  
s e m i c o n d u c t o r s  o f  i n t e r m e d i a t e  a n d  h i g h  d o p in g .  In  c o n t r a s t  t o  t h e  c a s e  
o f  p u r e  m a t e r i a l ,  f o r  d o p e d  m a t e r i a l  w e f i n d  w e c a n n o t  o b t a i n  a g r e e m e n t  
w i t h  e x p e r i m e n t a l  r e s u l t s  o n  e i t h e r  t h e  t e m p e r a t u r e  o r  p r e s s u r e  
d e p e n d e n c e  o f  t h e  e l e c t r o n  m o b i l i t y  i f  t h e  B r o o k s - H e r r in g  t h e o r y  o f
i o n i s e d  im p u r i t y  s c a t t e r i n g  i s  u s e d .
A t t e m p t s  h a v e  b e e n  m ade t o  a c c o u n t  f o r  t h e  d i f f i c u l t y  a s s o c i a t e d  
w i t h  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  m o b i l i t y  b y  i n t r o d u c i n g  a n  
a d d i t i o n a l  s c a t t e r i n g  m e c h a n is m . S c a t t e r i n g  fr o m  s p a c e - c h a r g e  r e g i o n s  
( W e is b e r g  ( 1 9 6 2 )  o r  fr o m  t h e  c e n t r a l  c e l l s  o f  i m p u r i t i e s  ( S t r i n g f e l l o w  
a n d  K iin z e l ( 1 9 8 0 ) )  h a v e  b e e n  c o n s i d e r e d .  Howevdr^, t h e  e f f e c t i v e  m a s s  
d e p e n d e n c e  o f  s p a c e  c h a r g e  s c a t t e r i n g  i s  t h e  sa m e  a s  f o r  B r o o k s - H e r r in g  
i o n i s e d  im p u r i t y  s c a t t e r i n g  a n d  s o  t h i s  c a n n o t  e x p l a i n  o u r  h ig h  p r e s s u r e  
r e s u l t s .  C e n t r a l  c e l l  s c a t t e r i n g  a l s o  s u f f e r s  fr o m  a s i m i l a r  p r o b le m  b u t ,  
i n  a d d i t i o n  t o  t h i s ,  t h e  im p u r i t y  p o s t u l a t e d  t o  c a u s e  t h e  s c a t t e r i n g  in  
t h e  HBE GaAs s a m p l e s  o f  S t r i n g f e l l o w  a n d  K iin z e l ( 1 9 8 0 ) ,  C o n  a n  A s s i t e ,
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c a n n o t  p r o d u c e  a  l e v e l  s l i g h t l y  a b o v e  t h e  c o n d u c t io n  b a n d  e d g e  (S a n k e y  
e t  a l .  ( 1 9 8 2 ) ) .  A s  w i l l  b e  d i s c u s s e d  l a t e r ,  s u c h  a  l e v e l  i s  r e q u ir e d  t o  
o b t a i n  a p p r e c i a b l e  c e n t r a l  c e l l  s c a t t e r i n g ,  N e i t h e r  c a n  e l e c t r o n - e l e c t r o n  
s c a t t e r i n g  e x p l a i n  t h e  d a t a .  A ny e f f e c t  t h i s  m ig h t  h a v e  s h o u ld  b e c o m e  
n e g l i g i b l e  a t  h ig h  c a r r i e r  d e n s i t i e s ;  t h e  d i s c r e p a n c y  b e tw e e n  t h e o r y  a n d  
e x p e r im e n t  i s  l a r g e s t  i n  t h i s  c a s e .
An a l t e r n a t i v e  e x p l a n a t i o n  i s  t h a t  t h e  a p p r o x im a t io n s  m ade in  o u r  
c a l c u l a t i o n  o f  i o n i s e d  im p u r i t y  s c a t t e r i n g  a r e  n o t  v a l i d .  T h e s e  
a p p r o x i m a t i o n s  a r e  t h e  B o r n  a p p r o x im a t io n ,  t h e  v a l i d i t y  o f  w h ic h  h a s  
b e e n  d i s c u s s e d  a b o v e ,  a n d  t h e  n e g l e c t  o f  m u l t i p l e  s c a t t e r i n g  a n d  
i m p u r i t y  d r e s s i n g  e f f e c t s  (M oore ( 1 9 6 7 ) ,  M oore a n d  E h r e n r e ic h  ( 1 9 6 6 ) ) .  
T o s e e  t h e  e f f e c t  o f  t h e  B o rn  a p p r o x im a t io n  on  o u r  p r e s s u r e  r e s u l t s ,  w e  
h a v e  c a l c u l a t e d  t h e  p r e s s u r e  d e p e n d e n c e  o f  t h e  m o b i l i t y  u s i n g  t h e  p h a s e  
s h i f t  a n a l y s i s  o f  M ey er  a n d  B a r t o l i  ( 1 9 8 1 )  w h ic h  d o e s  n o t  r e l y  o n  t h e  
B o r n  a p p r o x im a t io n .  T h e d a s h e d  c u r v e s  in  F i g s . 7 . 7  a n d  7 ,8  sh o w  t h e  
r e s u l t s  o f  t h i s  c a l c u l a t i o n .  I t  i s  c l e a r  t h a t ,  w h i l e  t h e r e  i s  a  s m a l l  
c o n n e c t i o n  in  t h e  r i g h t  d i r e c t i o n ,  t h i s  a p p r o a c h  s t i l l  c a n n o t  d e s c r i b e  
t h e  e x p e r i m e n t a l  d a t a .  M u l t ip l e  s c a t t e r i n g  a n d  im p u r i t y  d r e s s i n g ,  a s  
d e s c r i b e d  b y  M oore ( 1 9 6 7 )  a n d  M oore  a n d  E h r e n r e ic h  ( 1 9 6 6 ) ,  h a v e  a l s o  
b e e n  c o n s i d e r e d  b u t  t h e  c o r r e c t i o n s  a r e  p r e s s u r e  i n s e n s i t i v e  a n d  s o  
t h e i r  i n c l u s i o n  d o e s  n o t  im p r o v e  t h e  s i t u a t i o n .
7 . 3 . 1  I M P U R I T Y  C O R R E L A T I O N
T h e B r o o k s - H e r r in g  t h e o r y  a n d  t h e  c o r r e c t i o n s  d i s c u s s e d  a b o v e  a r e  
b a s e d  on  t h e  a s s u m p t i o n  t h a t  t h e  i m p u r i t i e s  a r e  r a n d o m ly  d i s t r i b u t e d  
t h r o u g h  t h e  c r y s t a l .  A s d e s c r i b e d  a b o v e ,  Y a n c h e v , A rn a u d o v  an d  E v t im o v a
( 1 9 7 9 )  h a v e  c o n s i d e r e d  i o n i s e d  im p u r i t y  s c a t t e r i n g  in  t h e  r e g im e  w h e r e
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s e v e r a l  i m p u r i t i e s  a r e  fo u n d  w i t h i n  a  s c r e e n i n g  l e n g t h  fr o m  a d i f f e r e n t  
p o i n t  o f  v ie w .  T h ey  t r e a t  t h e  e f f e c t  o f  t h e  i m p u r i t i e s  a s  p r o d u c in g  a  
s m o o t h l y  v a r y i n g  f l u c t u a t i n g  p o t e n t i a l ,  V ( r > ,  w h ic h  t h e y  c h a r a c t e r i s e  b y  
a  r sn s  d e p t h  a n d  a  c o r r e l a t i o n  l e n g t h .  D i f f e r e n t  im p u r i t y  d i s t r i b u t i o n s  
c a n  t h e n  b e  m o d e l le d  b y  c h a n g e s  i n  t h e s e  p a r a m e t e r s .
A s s u m in g  a  ra n d o m  d i s t r i b u t i o n  o f  i m p u r i t i e s ,  s i m i l a r  r e s u l t s  t o  
t h e  B r o o k s - H e r r in g  t h e o r y  a r e  o b t a i n e d .  A s a  m ore  r e a l i s t i c  p i c t u r e  o f  
t h e  im p u r i t y  d i s t r i b u t i o n ,  Y a n c h e v  e t  a l .  ( 1 9 7 9 ,1 9 8 5 )  t o o k  t h e  
c o n f i g u r a t i o n  o f  i m p u r i t i e s  e x p e c t e d  f o r  a  p la s m a  o f  i o n i s e d  i m p u r i t i e s  
c h a r a c t e r i s t i c  o f  a  t e m p e r a t u r e ,  T o , a t  w h ic h  im p u r i t y  d i f f u s i o n  i s  
f r o z e n  o u t .  T he im p u r i t y  d i f f u s i o n  c o e f f i c i e n t  d e c r e a s e s  e x p o n e n t i a l l y  
w i t h  t e m p e r a t u r e  w i t h  a n  a c t i v a t i o n  e n e r g y  o f  a b o u t  l e V ,  w h ic h  s u g g e s t s  
a  T o o f  a b o u t  7 0 0 K f o r  I I I - V  s e m i c o n d u c t o r s  (G a lp e r n  a n d  f e f r o s  ( 1 9 7 2 ) .  
T h is  c a n  b e  s i g n i f i c a n t l y  c h a n g e d  b y  d i s o r d e r ,  h o w e v e r .  U s in g  
p e r c o l a t i o n  a r g u m e n t s ,  Y a n c h e v  e t  a l .  ( 1 9 8 5 )  o b t a i n  f o r  t h e  d i f f u s i o n  
c o n s t a n t ,  D,
D =  D o e x p  ( T )  /k t? -,T ) ( 7 . 1 )
w h e r e  EP i s  t h e  t h r e s h o l d  e n e r g y  f o r  an  e l e c t r o n  t o ^ b e  a b l e  t o  m ove  
a r o u n d  t h e  p o t e n t i a l  b a r r i e r s  o f  V ( r ) .  F o r  a  G a u s s ia n  p o t e n t i a l  
EP= < E > - 0 , 6 7 y  ( E f r o s  e t  a l .  ( 1 9 7 2 ) ) ,  w h e r e  <E> " is t h e  m ean  p o t e n t i a l  
e n e r g y  o f  a  f l u c t u a t i o n  w i t h  a  r a d i u s  R,
<E> =  e 2 5 i R ? / e , (7.2)
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T h e p e r c o l a t i o n  e n e r g y  w i l l  d e p e n d  on  t h e  t e m p e r a t u r e  t h r o u g h  t h e  
t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  i o n i c  s c r e e n i n g  r a d i u s  w h ic h  l i m i t s  t h e  
s p a t i a l  s i z e  o f  t h e  r e l e v a n t  p o t e n t i a l  f l u c t u a t i o n s .  T h e t e m p e r a t u r e  To 
i s  fo u n d  t o  b e  a  s t r o n g  f u n c t i o n  o f  t h e  c o m p e n s a t io n  r a t i o .  A p p r o p r ia t e  
v a l u e s  f o r  G aA s a r e  9 0 0 K  f o r  u n c o m p e n s a te d  m a t e r i a l ,  1 0 2 5 K  f o r  K= 0 . 1 ,  
1 1 5 0 K  f o r  K= 0 . 2  a n d  1 3 0 0 K  a t  K = 0 . 3 .  F o r  InP t h e  v a l u e s  a r e  s i m i l a r  b u t  
s l i g h t l y  lo w e r  (Y a n c h e v  a n d  E v t im o v a  ( 1 9 8 7 ) ) .
U s in g  t h i s  a p p r o a c h ,  Y a n c h e v  e t  a l ,  ( 1 9 8 5 )  o b t a i n  m uch im p r o v e d  
a g r e e m e n t  w i t h  t h e i r  77K  m o b i l i t y  m e a s u r e m e n ts  on  G aA s w i t h  v a r y i n g  
c a r r i e r  d e n s i t y  a n d  c o m p e n s a t io n ,  p r o v id e d  t h a t  t h e  g r o w t h  t e m p e r a t u r e  
o f  t h e  m a t e r i a l  w a s  h i g h e r  t h a n  Tc., i . e .  p r o v id e d  t h a t  t h e  i m p u r i t i e s  c a n  
c o r r e l a t e  d u r in g  g r o w t h .
I f  w e c a l c u l a t e  t h e  p r e s s u r e  d e p e n d e n c e  o f  t h e  m o b i l i t y  in  o u r  
h i g h e s t  d o p e d  s a m p l e s ,  a s s u m in g  z e r o  c o m p e n s a t io n  a n d  u s i n g  
M a t t h i e s s e n ’s  r u l e  t o  c o m b in e  t h e  v a r i o u s  s c a t t e r i n g  m e c h a n is m s ,  w e  
o b t a i n  t h e  d a s h e d  l i n e s  i n  F i g s . 7 .3  a n d  7 . 4 .  We h a v e  a l s o  c a l c u l a t e d  t h e  
t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  m o b i l i t y  f o r  t h e s e  s a m p l e s ,  a g a in  u s i n g  
M a t t h i e s s e n ’s  r u l e ,  o b t a i n i n g  t h e  d a s h e d  l i n e s  i n  F i g s . 7 .5  a n d  7 . 6 .  T he  
a g r e e m e n t  i s  c l e a r l y  v e r y  g o o d  f o r  b o t h  m a t e r i a l s  a n d  f o r  b o t h  
t e m p e r a t u r e  a n d  p r e s s u r e  d e p e n d e n c e s  o f  t h e  m o b i l i t y .  T h e t h e o r y ,  a s  
f o r m u la t e d ,  a p p l i e s  o n l y  f o r  d e g e n e r a t e  m a t e r i a l  w h e r e  t h e  c h a r a c t e r i s t i c  
e n e r g y  i s  w e l l  d e s c r i b e d  b y  Ef . T h i s  i s  w e l l  s a t i s f i e d  b y  t h e  h e a v i e s t  
d o p e d  s a m p le s  b u t  t h e r e  a r e  p r o b le m s  in  e x t e n d i n g  t h e  a n a l y s i s  t o  n o n ­
d e g e n e r a t e  m a t e r i a l .
T h e  i d e a s  i n  t h e  p r e c e d i n g  a r g u m e n t s  h a v e  im p o r t a n t  i m p l i c a t i o n s  
f o r  t h e  a s s e s s m e n t  o f  im p u r i t y  c o n c e n t r a t i o n s  in  s e m i c o n d u c t o r s .  
A n d e r s o n  e t  a l .  ( 1 9 8 5 )  h a v e  a n a l y s e d  H a l l  m o b i l i t y  d a t a  o n  a  l a r g e
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n u m b e r  o f  s a m p le s  o f  InP  n - d o p e d  w i t h  a  v a r i e t y  o f  e l e m e n t s  t o  l e v e l s  
b e t w e e n  1 0 13 a n d  1 0 13  cm - 3 . T h e y  f i n d  n e a r l y  i d e n t i c a l  b e h a v io u r  f o r  
a l l  n - t y p e  d o p a n t s  a n d  v e r y  l i t t l e  s c a t t e r  i n  a  p l o t  o f  m o b i l i t y  v s .  
c a r r i e r  c o n c e n t r a t i o n  i n d i c a t i n g  lo w  r e s i d u a l  a c c e p t o r  d e n s i t i e s .  S u ch  a  
p l o t  s h o w s  g o o d  a g r e e m e n t  b e t w e e n  e x p e r im e n t  a n d  t h e o r y  a t  f a i r l y  lo w  
c a r r i e r  c o n c e n t r a t i o n s .  A t h i g h e r  c a r r i e r  c o n c e n t r a t i o n s ,  h o w e v e r , t h e  
e x p e r i m e n t a l  v a l u e s  l i e  i n  a  b a n d  w h ic h  w o u ld  b e  i n t e r p r e t e d  a s  h a v in g  a  
c o m p e n s a t io n  r a t i o  o f  a b o u t  0 .3  a s s u m in g  t h e  B r o a k s - H e r r in g  m o d e l . A 
s i m i l a r  o b s e r v a t i o n  h a s  b e e n  m ad e b y  P o th  e t  a l .  ( 1 9 7 8 )  f o r  GaAs a n d  we 
t a k e  a n  a v e r a g e  e x p e r i m e n t a l  l i n e  fr o m  t h e  w o rk  o f  R o th  e t  a l .  ( 1 9 8 5 )  
w h o s e  m o b i l i t i e s  a r e  s o m e w h a t  h i g h e r  th a n  P o t h ' s  a t  t h e  h i g h e s t  c a r r i e r  
d e n s i t i e s .  T h ey  a r e  a l s o  c l o s e  t o  t h e  m o b i l i t i e s  o f  t h e  n o m in a l ly  
u n c o m p e n s a t e d  s a m p le s  a n a l y s e d  b y  Y a n c h e v  e t  a l .  ( 1 9 7 9 ) .
T h e s e  o b s e r v a t i o n s  h a v e  l e d  t o  t h e  id e a  t h a t  a u t o c o m p e n s a t io n ,  i . e .  
c o m p e n s a t io n  d u e  t o  t h e  d e l i b e r a t e l y  in t r o d u c e d  im p u r i t y  r a t h e r  t h a n  
t h o s e  u n i n t e n t i o n a l l y  p r e s e n t  o f  w h ic h  t h e A e  w i l l  n o t  b e  a  h ig h  e n o u g h  
d e n s i t y  a t  t h e s e  d o p in g  l e v e l s ,  r e d u c e s  t h e  m o b i l i t y  i n  h i g h l y  d o p e d  
m a t e r i a l .  T he d e p a r t u r e  fr o m  t h e  c l o s e  a g r e e m e n t  w i t h  t h e o r y  a t  lo w  
c a r r i e r  d e n s i t i e s  o c c u r s  a t  r o u g h ly  t h e  c a r r i e r  c o n c e n t r a t i o n  a t  w h ic h  
w e b e g i n  t o  n o t i c e  d e p a r t u r e s  fr o m  t h e  e x p e c t e d  p r e s s u r e  d e p e n d e n c e  o f  
t h e  m o b i l i t y .
C a l c u l a t i n g  t h e  m o b i l i t y  u s i n g  t h e  Y a n c h e v  m o d e l  w i t h i n  t h e  l i m i t s  
o f  i t s  a p p l i c a b i l i t y ,  w e o b t a i n  t h e  d a s h e d  l i n e s  in  F i g s , 7 . 9  an d  7 . 1 0 ,  
w h ic h  sh o w  t h e  77K  m o b i l i t y  f o r  InP  an d  G aA s p l o t t e d  a g a i n s t  c a r r i e r  
d e n s i t y .  Y a n c h e v  a n d  E v t im o v a  ( 1 9 8 7 )  h a v e  r e c e n t l y  p e r fo r m e d  t h e s e  
c a l c u l a t i o n s  f o r  InP  w i t h  v e r y  s i m i l a r  r e s u l t s  t o  t h o s e  p r e s e n t e d  h e r e .
F i g .  7 , 9 :  7 7 K  H a l l  m o b i l i t y  i n  I n P  a s  a  f u n c t i o n  o f  c a r r i e r
c o n c e n t r a t i o n .  . S o l i d  l i n e -  I S B E  c a l c u l a t e d  c u r v e .  
D a s h e d  l i n e -  m e a n  o b s e r v e d  v a l u e s  <A n d e r s o n  e t  a l .  < 1 9 8 5 > )  
D o t - d a s h e d  l i n e -  c a l c u l a t e d  a f t e r  Y a n c h e v  e t  a l .  < 1 9 7 9 ) .
«
F i g . 7 . 1 0 :  7 7 K H a l l  m o b i l i t y  i n  G a A s  a s  a  f u n c t i o n  o f
c a r r i e r  c o n c e n t r a t i o n .  S o l i d  l i n e -  I S B E  c a l c u l a t e d  c u r v e  
D a s h e d  l i n e -  m e a n  o b s e r v e d  v a l u e s  < R o t h  e t  a l . < 1 9 3 5 ) )  
D o t - d a s h e d  l i n e -  c a l c u l a t e d  a f t e r  Y a n c h e v  e t  a l . < 1 9 7 9 ) .
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T he a g r e e m e n t  b e t w e e n  t h e  Y a n c h e v  t h e o r y  a n d  t h e  m ean  e x p e r im e n t a l  
d e p e n d e n c e s  i s  v e r y  g o o d  a n d  i m p l i e s  t h a t  m o s t  o f  t h e  s a m p le s  a r e ,  in  
f a c t ,  r e l a t i v e l y  u n c o m p e n s a te d  a n d  h e n c e  t h a t  a u t o c o m p e n s a t io n  i s  
i n s i g n i f i c a n t  i n  t h e s e  s a m p le s ,  t h e  a p p a r e n t  a n o m a ly  b e i n g  e x p l a i n e d  b y  
a c o r r e l a t i o n  o f  t h e  s c a t t e r i n g  i m p u r i t i e s .
F o r  s a m p le s  s u c h  a s  t h e s e ,  c o m p e n s a t io n  r a t i o s  h a v e  b e e n  
in d e p e n d e n t l y  a s s e s s e d  b y  t e m p e r a t u r e - d e p e n d e n t  p h o t o l u m in e s c e n c e  
i n v o l v i n g  d o n o r - a c c e p t o r  p a i r s  in  b o t h  GaA s (K am iya  a n d  V a g n e r  ( 1 9 7 7 ) )  
a n d  In P  ( P i c k e r i n g  e t  a l .  ( 1 9 8 3 ) ) .  T h e  c o m p e n s a t io n  r a t i o s  o b t a i n e d  w e r e  
s u b s t a n t i a l l y  lo w e r  t h a n  w o u ld  b e  d e d u c e d  fr o m  a n a l y s i s  o f  t h e  m o b i l i t y .  
T h is  i s  b e c a u s e  a l l  m e c h a n is m s  w h ic h  d e p r e s s  t h e  m o b i l i t y  b e lo w  t h a t  
c a l c u l a t e d  on  t h e  b a s i s  o f  t h e  B r o o k s - H e r r in g  t h e o r y  a r e  lu m p ed  t o g e t h e r  
a n d  a t t r i b u t e d  t o  c o m p e n s a t in g  a c c e p t o r s .  V e h a v e  d e m o n s t r a t e d  t h a t  b y  
c o n s i d e r i n g  a  c o r r e l a t e d  d i s t r i b u t i o n  o f  i m p u r i t i e s ,  t h i s  d i s c r e p a n c y  c a n  
b e  r e m o v e d  a n d  a  m uch  im p r o v e d  a g r e e m e n t  w i t h  b o t h  t h e  t e m p e r a t u r e  a n d  
p r e s s u r e  d e p e n d e n c e  o f  t h e  m o b i l i t y  o b t a i n e d .  T h is  i s  n o t  t h e  c a s e  w i t h  
t h e  a d d i t i o n a l  s c a t t e r i n g  m e c h a n is m s  w h ic h  h a v e  b e e n  p r o p o s e d  t o  
o v e r c o m e  so m e  o f  t h e s e  d i f f i c u l t i e s .
7 . 3 . 2  S A M P L E S  W I T H  RANDOM I M P U R I T Y  D I S T R I B U T I O N S
M o st o f  t h e  d o p e d  s a m p le s  s t u d i e d  sh o w  b e h a v io u r  c o n s i s t e n t  w i t h  a  
c o r r e l a t e d  im p u r i t y  d i s t r i b u t i o n .  H o w e v e r , a s  ' - t h e  a b i l i t y  o f  t h e  
i m p u r i t i e s  t o  r e a r r a n g e  t h e m s e l v e s  d u r in g  g r o w t h  d e p e n d s  o n  t h e  g r o w th  
t e m p e r a t u r e  a n d  t h e  c o m p e n s a t io n  r a t i o ,  i t  s h o u l d  b e  p o s s i b l e  t o  f i n d  
s a m p l e s  g r o w n  u n d e r  s u c h  c o n d i t i o n s  t h a t  t h e i r  i m p u r i t i e s  a r e  r a n d o m ly  
d i s t r i b u t e d .  S u c h  s a m p l e s ,  i f  o u r  i d e a s  a r e  c o r r e c t ,  s h o u l d  b e h a v e  a s  
p r e d i c t e d  b y  t h e  B r o o k s - H e r r in g  m o d e l .
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L g . 7 . 1 1 :  T e m p e r a t u r e  d e p e n d e n c e  o i  H a l l  m o b i l i t y  f o r
*e s a m p l e s  o f  I n P  e x p e c t e d  t o  h a v e  r a n d o m l y  d i s t r i b u t e d  
i m p u r i t i e s .  S o l i d  l i n e s  a r e  I S B E  c a l c u l a t e d  c u r v e s  
a s s u m i n g  B r o a k s - H e r r i n g  t h e o r y .
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P r e s s u r e  ( k b a r )
F i g . 7 ,  1 2 :  P r e s s u r e  d e p e n d e n c e  o f  H a l l  m o b i l i t y  f o r  t h e  I n P
s a m p l e s  o f  F i g  7 . 1 1 .  S o l i d  l i n e s  a r e  I S B E  c a l c u l a t e d  
c u r v e s  a s s u m i n g ;  B r o o k s - H e r r i n g  t h e o r y .
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V e h a v e  s t u d i e d  tw o  s a m p le s  o f  InP  g r o w n  b y  VPE w h ic h  h a v e  
c o m p e n s a t io n  r a t i o s  d e t e r m in e d  fr o m  PL m e a s u r e m e n ts  o f  b e tw e e n  0 .2  an d  
0 .3  a n d  o n e  g r o w n  b y  MQCVD a t  lo w  t e m p e r a t u r e .  T h e  t e m p e r a t u r e  a n d  
p r e s s u r e  d e p e n d e n c e s  o f  t h e  m o b i l i t y  a r e  sh o w n  i n  F i g s . 7 .1 1  a n d  7 . 1 2  
t o g e t h e r  w i t h  t h e  t h e o r e t i c a l  ISBE r e s u l t s  a s s u m in g  t h e  B r o o k s - H e r r in g  
t h e o r y .  T he p e r c e n t a g e  c h a n g e  in  m o b i l i t y  t o  8 k b a r  i s  a l s o  s h o w n  in  
F i g . 7 . 7 .  T h e s e  s a m p l e s ,  i n  c o n t r a s t  t o  t h o s e  c o n s i d e r e d  s o  f a r ,  a r e  w e l l  
d e s c r i b e d  b y  t h e  B r o o k s - H e r r in g  t h e o r y .
T h e t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  m o b i l i t y  f o r  t h r e e  s a m p le s  o f  
G aA s g r o w n  b y  MBE a t  t e m p e r a t u r e s  a s  lo w  a s  8 5  OK a n d  w h ic h  a r e  
b e l i e v e d  t o  b e  f a i r l y  h e a v i l y  c o m p e n s a t e d  i s  sh o w n  i n  F i g . 7 . 1 3 .  T h e s o l i d  
c u r v e s  a r e  t h e  c a l c u l a t e d  t e m p e r a t u r e  d e p e n d e n c e s  u s i n g  t h e  ISBE a n d  
B r o o k s - H e r r in g  t h e o r y  f i t t i n g  f o r  t h e  c o m p e n s a t io n  r a t i o s  a n d  o b t a i n i n g  
t h e  v a l u e s  i n d i c a t e d .  T h e a g r e e m e n t  i n  t h i s  c a s e  i s  a g a in  v e r y  g o o d .
T h e  p r e s s u r e  d e p e n d e n c e  o f  t h e  H a l l  m o b i l i t y  a n d  o f  t h e  c a r r i e r  
c o n c e n t r a t i o n  i s  s h o w n  in  F i g s . 7 ,1 4  an d  7 . 1 5 .  T h e s e  s a m p le s  s h o w  a  
t r a p o u t  o f  c a r r i e r s  w i t h  p r e s s u r e .  T h i s  m ay b e  a s s o c i a t e d  w i t h  a  d e e p  
l e v e l  in  t h e  s a m p le  w h o s e  e n e r g y  r e l a t i v e  t o  t h e  c o n d u c t i o n  b a n d  e d g e  
d e c r e a s e s  w i t h  i n c r e a s i n g  p r e s s u r e .  A s t h e s e  s a m p le s  a r e  f a i r l y  h e a v i l y  
c o m p e n s a t e d ,  a s  s e e n  fr o m  t h e  t e m p e r a t u r e  d e p e n d e n c e  - o f  t h e  m o b i l i t y ,  
t h e r e  i s  a h ig h  d e n s i t y  o f  u n k n o w n  i m p u r i t i e s  p r e s e n t  s o  t h i s  i s  
p e r h a p s  n o t  s u r p r i s i n g .  H o w e v e r , t h e s e  c h a n g e s  in-’ c a r r i e r  c o n c e n t r a t i o n  
a r e  f o u n d  t o  a f f e c t  t h e  p r e d i c t e d  m o b i l i t y  v a r i a t i o n  o n ly  s l i g h t l y ,  a s  
s e e n  fr o m  t h e  s o l i d  a n d  d a s h e d  c u r v e s  in  F i g . 7 . 1 4 .
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F i g . 7 . 1 3 :  T e m p e r a t u r e  d e p e n d e n c e  o f  H a l l  m o b i l i t y  f o r
t h r e e  s a m p l e s -  o f  G a A s  e x p e c t e d  t . o  h a v e  r a n d o m l y  
d i s t r i b u t e d  i m p u r i t i e s .  - S o l i d  l i n e s  a r e  I S B E  c a l c u l a t e d  
c u r v e s  a s s u m i n g  B r o o k s - H e r r i n g  t h e o r y .
P r e s s u r e  ( k b a r )
F i g .  7 . ' 1 4 :  P r e s s u r e  d e p e n d e n c e  o f  H a l l  m o b i l i t y  f o r  t h e
G a A s  s a m p l e s  o f  F i g . 7 . 1 3 .  S o l i d  l i n e s  a r e  I S B E  c a l c u l a t e d  
c u r v e s  a s s u m i n g  B r o o k s - H e r r i n g  t h e o r y  i g n o r i n g  c a r r i e r  
t r a p o u t . D a s h e d  l i n e s  i n c l u d e  o b s e r v e d  t r a p o u t .
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F i g . 7 . 1 5 :  P r e s s u r e  d e p e n d e n c e  o f  c a r r i e r  c o n c e n t r a t i o n  f o r
G a A s  s a m p l e s  o f  F i g s . 7 . 1 3  a n d  7 . 1 4 .  c
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In a l l  c a s e s  t h e  a g r e e m e n t  b e t w e e n  t h e o r y  a n d  e x p e r im e n t  i s  g o o d .  
T h e p e r c e n t a g e  c h a n g e s  in  m o b i l i t y  t o  8 k b a r  a r e  p l o t t e d  o n  F ig  .7 .8  an d  
a g a i n  t h e  r e s u l t s  a g r e e  c l o s e l y  w i t h  B r o o k s - H e r r in g  t h e o r y  b u t  d i f f e r  
m a r k e d ly  fr o m  o t h e r  s a m p le s  o f  s i m i l a r  m o b i l i t y  f o r  w h ic h  g r o w th
t e m p e r a t u r e s  w e r e  a b o v e  T o .
7 . 3 . 3  N E U T R O N  T R A N S M U T A T IO N  D O P E D  G a A s
A n o th e r  a p p r o a c h  t o  ra n d o m  d o p in g  w e h a v e  i n v e s t i g a t e d  i s  n e u t r o n  
t r a n s m u t a t i o n  d o p in g  o f  G aA s. G r e e n e  ( 1 9 7 9 )  h a s  i n v e s t i g a t e d  n e u t r o n  
t r a n s m u t a t i o n  d o p e d  (NTD) GaA s f o r  u s e  a s  a  h ig h  d o p in g  t e c h n i q u e .  In  
NTD G aA s, a n  u n d o p e d  c r y s t a l  i s  i r r a d i a t e d  w i t h  lo w  e n e r g y  n e u t r o n s
w h ic h  in d u c e  n u c le a r  r e a c t i o n s  c o n v e r t i n g  Ga t o  Ge a n d  A s t o  S e .  B o th  
t h e s e  d o p a n t  s p e c i e s  a r e  d o n o r s  i n  G aA s, T h e r e  i s  s o m e  a c c o m p a n y in g  
r a d i a t i o n  d a m a g e  w h ic h  m u s t  b e  a n n e a le d  o u t  t o  r e s t o r e  g o o d  e l e c t r i c a l  
p r o p e r t i e s .  T h is  i s  a  d r a w b a c k  o f  t h e  t e c h n i q u e  s i n c e  t h e  i r r a d i a t i o n  
p r o d u c e s  a  ra n d o m  im p u r i t y  d i s t r i b u t i o n  w h ic h  m ay t h e n  b e  a l t e r e d  b y  
h i g h  t e m p e r a t u r e  a n n e a l i n g .  We t h e r e f o r e  r e s t r i c t  o u r  a n n e a l i n g  t o  t h e  
l o w e s t  e f f e c t i v e  t e m p e r a t u r e  a n d  r e s u l t s  o f  t e m p e r a t u r e  a n d  p r e s s u r e  
d e p e n d e n c e s  o f  H a l l  m o b i l i t y  a n d  c a r r i e r  c o n c e n t r a t i o n  f o r  a  s a m p le
a n n e a le d  a t  7 5 0 °C f o r  10  h o u r s  a r e  g i v e n  in  F i g s . 7 .1 6  a n d  7 . 1 7 .  Q u ite  
g o o d  a g r e e m e n t  i s  o b t a i n e d  w i t h  t h e  t e m p e r a t u r e  d e p e n d e n c e  u s i n g  a  
c o m p e n s a t io n  r a t i o  o f  0 . 6 5 .
W ith  p r e s s u r e  t h e r e  i s  s t r o n g  c a r r i e r  t r a p o u t  t o  8 k b a r .  T h i s  i s  
p r e s u m a b ly  d u e  t o  d e e p  l e v e l s  a s s o c i a t e d  w i t h  r e s i d u a l  r a d i a t i o n  d a m a g e .  
T h i s  m a k e s  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  d i f f i c u l t  s i n c e  t h e  t r a p o u t
c h a n g e s  t h e  im p u r i t y  d e n s i t y  i n  a n  u n k n o w n  w a y . F o r  e x a m p le ,  t r a p o u t  
c o u ld  o c c u r  o n t o  i o n i s e d  d o n o r s ,  r e d u c in g  t h e  i o n i s e d  i m p u r i t y  d e n s i t y
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F i g . 7 . 1 6 :  T e m p e r a t u r e  d e p e n d e n c e  o f  t h e  m o b i l i t y  a n d
c a r r i e r  c o n c e n t r a t i o n  f o r  a  s a m p l e  o f  n e u t r o n  
t r a n s m u t a t i o n  d o p e d  G a A s .  S o l i d  l i n e  i s  a n  I S B E  c a l c u l a t e d
d e p e n d e n c e .
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P r e s s u r e  ( k b a r )
F i g . 7 . 1 7 :  P r e s s u r e  d e p e n d e n c e  o f  t h e  m o b i l i t y  ( • >  a n d
c a r r i e r  c o n c e n t r a t i o n  < A > f o r  t h e  s a m p l e  o f  F i g . 7 . 1 6 .  
S o l i d  l i n e  i s  a  c a l c u l a t e d  m o b i l i t y  v a r i a t i o n  a s s u m i n g  
c a r r i e r s  a r e  t r a p p e d  b y  i o n i s e d  d o n o r s .
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o r  o n t o  n e u t r a l  d e f e c t s  o f  s o m e  s o r t ,  i n c r e a s i n g  i t .  We c o n s i d e r  t r a p o u t  
o n t o  i o n i s e d  c e n t r e s  a n d  c a l c u l a t e  t h e  s o l i d  l i n e  in  F i g . 7 , 1 7 .  T h i s  l i n e  
p r e d i c t s  b e h a v io u r  c l o s e  t o  t h a t  w h ic h  i s  o b s e r v e d .  T h is  c l o s e  a g r e e m e n t  
s u p p o r t s  t h e  p o s t u l a t e  o f  a ran d om  im p u r i t y  d i s t r i b u t i o n  a n d  t h e  
b e h a v io u r  c o n t r a s t s  s t r o n g l y  w i t h  t h a t  o f  m a t e r i a l  o f  s i m i l a r  
a t m o s p h e r ic  p r e s s u r e  m o b i l i t y  b u t  a  c o r r e l a t e d  im p u r i t y  d i s t r i b u t i o n .
7 . 4  C O N C L U S IO N S
We h a v e  s h o w n  i n  t h i s  c h a p t e r  t h a t  a c c u r a t e  a n a l y s i s  o f  H a l l  e f f e c t  
a n d  r e s i s t i v i t y  m e a s u r e m e n t s  i n c l u d i n g  t h e  H a l l  s c a t t e r i n g  f a c t o r ,  r n ,  
i n d i c a t e s  t h a t  f o r  p u r e  m a t e r i a l ,  s t a n d a r d  t h e o r i e s  o f  p h o n o n  s c a t t e r i n g  
d e s c r i b e  e x p e r i m e n t a l  r e s u l t s  w e l l .  We h a v e  p r e s e n t e d  r e s u l t s  f i x i n g  t h e  
v a lu e  o f  t h e  d e f o r m a t io n  p o t e n t i a l  a t  6 .7 e V  r a t h e r  t h a n  s o m e  h i g h e r  
v a lu e .
In  h e a v i l y  d o p e d  m a t e r i a l ,  t h e  B r o o k s - H e r r in g  t h e o r y  o f  i o n i s e d  
im p u r i t y  s c a t t e r i n g  i s  in a d e q u a t e .  S e v e r a l  p r e v i o u s l y  r e p o r t e d  
r e f i n e m e n t s  t o  t h e  t h e o r y  w e r e  c o n s i d e r e d ,  m o s t  o f  w h ic h  c o u ld  n o t  
d e s c r i b e  b o t h  t h e  t e m p e r a t u r e  a n d  p r e s s u r e  d e p e n d e n t  r e s u l t s .  T h e  o n ly  
m o d e l t h a t  g a v e  g o o d  a g r e e m e n t  w i t h  e x p e r im e n t  w a s  t h a t  o f  a  c o r r e l a t e d  
d i s t r i b u t i o n  o f  i m p u r i t i e s  w h ic h  d e p r e s s e s  t h e  m o b i l i t y  b e lo w  t h a t  o f  
t h e  B r o o k s - H e r r in g  t h e o r y  w h ic h  a s s u m e s  a  ran d om  d i s t r i b u t i o n .  T h is  
m o d e l i s  f u r t h e r  s u p p o r t e d  b y  c o n s i d e r i n g  s a m p le s  f o r  w h ic h  im p u r i t y  
c o r r e l a t i o n  i s  e x p e c t e d  t o  b e  i n e f f e c t i v e  d u e  t o  g r o w th  t e m p e r a t u r e ,  
c o m p e n s a t io n  r a t i o  o r  a  c o m b i n a t io n  o f  t h e  tw o . F o r  t h e s e  s a m p l e s ,  t h e  
B r o o k s - H e r r in g  t h e o r y  d o e s  d e s c r i b e  t h e  m o b i l i t y  m e a s u r e m e n ts  w e l l ,  
w h i l e  t h e r e  i s  a  l a r g e  d i s c r e p a n c y  b e tw e e n  t h e s e  s a m p le s  a n d  o t h e r s  
w h ic h  w o u ld  b e  e x p e c t e d  t o  d i s p l a y  im p u r i t y  c o r r e l a t i o n .  T h e r e  i s  t h u s
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s t r a n g  e v i d e n c e  th a t ,  i m p u r i t y  c o r r e l a t i o n  e f f e c t s  s i g n i f i c a n t l y  a f f e c t  
t h e  m o b i l i t y  i n  h i g h l y  d o p e d  G aA s a n d  In P .
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RESONANT ELECTRON S C A T T E R I N G  
DUE TO THE CENTRAL CELL OF I M P U R I T I E S
8 ,  1 IN T R O D U C T I O N
I m p u r ity  s c a t t e r i n g  i n  s e m ic o n d u c t o r s  i s  n o r m a l ly  c o n s i d e r e d  t o  b e  
a  r e s u l t  o f  t h e  i n t e r a c t i o n  o f  c a r r i e r s  w i t h  t h e  l o n g  r a n g e  C ou lom b  
p o t e n t i a l  o f  i o n i s e d  i m p u r i t i e s .  A s d e s c r i b e d  in  t h e  l a s t  c h a p t e r ,  t h i s  
i n t e r a c t i o n  c a n  d e s c r i b e  m o b i l i t y  m e a s u r e m e n ts  w e l l  in  m an y  c a s e s  b u t  
s u c h  a n  a p p r o a c h  i g n o r e s  t h e  c e n t r a l - c e l l  p o t e n t i a l  o f  t h e  i m p u r i t y .  An 
im p u r i t y  i n  a  c r y s t a l ,  c h a r g e d  o r  n e u t r a l ,  w i l l  h a v e  s h o r t  r a n g e  
p o t e n t i a l  d e v i a t i o n s  fr o m  t h a t  o f  t h e  h o s t  c r y s t a l  w h ic h  c a n  b e  v e r y  
p r o n o u n c e d . T h e d i f f e r e n c e  in  p o t e n t i a l  b e tw e e n  t h e  p e r f e c t  c r y s t a l  a n d  
t h e  c r y s t a l  w i t h  a n  im p u r i t y  p r e s e n t  m ay b e  t r e a t e d  a s  m ad e up o f  a  
l o n g  r a n g e  p o r t i o n ,  i f  t h e  c e n t r e  i s  c h a r g e d ,  an d  a  s h o r t  r a n g e  ( o f  ' t h e  
o r d e r  o f  t h e  u n i t  c e l l  s i z e ) ,  d e e p  p o t e n t i a l .  T h e s h o r t  r a n g e  p o t e n t i a l  
an d  t h e  l o c a l i s a t i o n  o f  t h e  w a v e f u n c t io n  o f  a n  e l e c t r o n  b o u n d  in  t h a t  
p o t e n t i a l  m ean  t h a t  t h e  e f f e c t i v e  m a s s  a p p r o x im a t io n  c a n n o t  b e  u s e d .  I f  
t h e  w a v e f u n c t i o n  w e r e  t o  b e  e x p a n d e d  in  B lo c h  s t a t e s ,  t h e  sum  w o u ld  
c o n s i s t  o f  c o n t r i b u t i o n s  fr o m  a l l  o v e r  k - s p a c e  a n d  fr o m  m an y b a n d s  
( P a n t e l i d e s  ( 1 9 7 8 ) ) .  T h e  p r o p e r t i e s  o f  s u c h  a  l e v e l  a r e  d e f i n e d  b y  t h e  
p r o p e r t i e s  o f  t h e  s h o r t  r a n g e  p o t e n t i a l  a n d  n o t  b y  i n t e r a c t i o n  w i t h  b a n d  
e d g e  s t a t e s  a s  i s  t h e  c a s e  w i t h  s h a l l o w  l e v e l s .  F o l l o w i n g  H ja lm a r s o n  e t  
a l .  ( 1 9 8 0 ) ,  w e t a k e  t h i s  a s  o u r  d e f i n i t i o n  o f  a  d e e p  l e v e l ,  r e g a r d l e s s  o f  
t h e  e n e r g y  o f  a n y  b o u n d  s t a t e s  r e l a t i v e  t o  t h e  c r y s t a l  b a n d s .  In  
p a r t i c u l a r ,  t h e  c e n t r a l - c e l l  p o t e n t i a l  o f  a  s u b s t i t u t i o n a l  im p u r i t y  c a n
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p r o d u c e  a  d e e p  l e v e l  a b o v e  t h e  c o n d u c t i o n  b a n d  e d g e .  S a n k e y  e t  a l .
( 1 9 8 2  * p o i n t  o u t  t h a t  s u c h  a  d e e p  l e v e l  i s  a  s h a r p  r e s o n a n c e  h a v in g  
w ea k  m i x i n g  w i t h  t h e  c o n d u c t i o n  b a n d  s t a t e s  n e a r  t h e  T m in im u m . M o st o f  
t h e  l o c a l i s e d  w a v e f u n c t i o n  a m p l i t u d e  0 9 9 % ) c o m e s  fr o m  b a n d  s t a t e s  m o re  
t h a n  Q .2eV  a w a y  fr o m  T (H su  e t  a l .  ( 1 9 7 7 ) ) .
In  g e n e r a l ,  t h e  s h o r t  r a n g e  n a t u r e  o f  t h e  c e n t r a l  c e l l  p o t e n t i a l
m e a n s  t h a t  t h e  c r o s s - s e c t i o n  f o r  e l e c t r o n  s c a t t e r i n g  i s  s m a l l -  r o u g h ly
t h e  s i z e  o f  t h e  u n i t  c e l l ;  h o w e v e r ,  i f  t h e  p o t e n t i a l  i s  s u c h  t h a t  i t  i s  
n o t  q u i t e  s t r o n g  e n o u g h  t o  b in d  a n  e l e c t r o n ,  s t r o n g  s c a t t e r i n g  o c c u r s  
w i t h  a  c r o s s - s e c t i o n  o f  t h e  o r d e r  o f  t h e  s q u a r e  o f  t h e  e l e c t r o n  
D e B r o g l i e  w a v e le n g t h  ( e . g .  S c h i f f  ( 1 9 4 9 ) ) .  T h is  m e a n s  t h a t  i f  t h e  l e v e l  
i s  v e r y  c l o s e  t o  t h e  c o n d u c t i o n  b a n d  e d g e ,  t h e  c r o s s - s e c t i o n  i s  v e r y
l a r g e  a n d  c a n  d o m in a t e  a l l  o t h e r  s c a t t e r i n g  p r o c e s s e s .  O b s e r v a t io n  o f
t h i s  s c a t t e r i n g  i s  d i f f i c u l t  b e c a u s e  t h e  l e v e l  m u s t  l i e  n e a r  t h e  b a n d  
e d g e  t o  i n f l u e n c e  t h e  m e a s u r e d  lo w  f i e l d  m o b i l i t y  a n d  t h e  r e s o n a n c e  m u s t  
s p a n  a n  a p p r e c i a b l e  p r o p o r t i o n  o f  t h e  e l e c t r o n  p o p u la t io n  a s  t h e
m o b i l i t y  i s  an  a v e r a g e  o v e r  t h e  e l e c t r o n  d i s t r i b u t i o n ,  s o m e  o f  w h ic h
w i l l  b e  in f l u e n c e d  b y  t h e  r e s o n a n c e  a n d  s o m e  o f  w h ic h  w i l l  n o t .  E ven  i f
a  s u i t a b l e  l e v e l  i s  p r e s e n t ,  t h e  r e d u c t i o n  in  m o b i l i t y  fr o m  t h a t  in
s i m i l a r  s a m p le s  w i t h o u t  r e s o n a n t  d e e p  l e v e l s  i s  l i k e l y  t o  b e  a t t r i b u t e d
t o  s o m e  m o re  c o n v e n t i o n a l  s c a t t e r i n g  m e c h a n is m , s u c h  a s  a  h i g h e r
c o m p e n s a t io n  r a t i o  l e a d i n g  t o  m o re  i o n i s e d  im p u r i t y  s c a t t e r i n g .
Common n - t y p e  d o p a n t s  i n  A lMGa-i ~ :<A s, s u c h  a s  S i  a n d  S n  h a v e  b e e n  
fo u n d  t o  p r o d u c e  d e e p  l e v e l s  in  t h e  e n e r g y  g a p , in  a d d i t i o n  t o  t h e
d e s i r e d  s h a l l o w  l e v e l s  i f  x ,  t h e  A l f r a c t i o n  i s  g r e a t e r  t h a n  a b o u t  0 .2  
( S a x e n a  ( 1 9 8 0 , 1 9 8 1 ) ) ,  T h e e f f e c t  o f  i n c r e a s i n g  x  i s ,  a s  h a s  b e e n  
m e n t io n e d  a b o v e ,  t o  c h a n g e  t h e  b a n d  s t r u c t u r e  o f  t h e  s e m ic o n d u c t o r  a n d
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t h e  a p p e a r a n c e  o f  t h e  d e e p  l e v e l  i s  i n t e r p r e t e d  a s  b e i n g  d u e  t o  t h e  
r a i s i n g  o f  t h e  e n e r g y  o f  t h e  c o n d u c t i o n  b a n d  m inim um  p a s t  t h e  p o s i t i o n  
o f  a  d e e p  l e v e l  w h ic h  i s  d e g e n e r a t e  w i t h  t h e  c o n d u c t i o n  b a n d  a t  lo w  A l 
c o n c e n t r a t i o n s  a n d  i s  i n s e n s i t i v e  t o  c h a n g e s  in  t h e  l a t t i c e  s p a c i n g  o f  
t h e  h o s t  c r y s t a l .  In  F i g . 8 . 1  i s  p l o t t e d  t h e  m o v em en t o f  t h e  c o n d u c t i o n  
b a n d  m in im a  w i t h  a l l o y  c o m p o s i t i o n ,  x ,  a n d  a l s o  w i t h  h y d r o s t a t i c  
p r e s s u r e .  From  t h i s  i t  c a n  b e  s e e n  t h a t  t h e  a p p l i c a t i o n  o f  h y d r o s t a t i c  
p r e s s u r e  h a s  a  s i m i l a r  e f f e c t  o n  b a n d  s t r u c t u r e  t o  i n c r e a s i n g  t h e  A l 
f r a c t i o n .  M iz u ta  e t  a l .  ( 1 9 8 5 )  h a v e  o b s e r v e d  t h e  a p p e a r a n c e  o f  d e e p  
l e v e l s  w i t h i n  t h e  e n e r g y  g a p  f o r  v a r i o u s  A l f r a c t i o n s  b e lo w  0 .2  a t  h ig h  
p r e s s u r e  w hen  t h e  b a n d  s t r u c t u r e  i s  c l o s e  t o  t h a t  f o r  A lo .a z G a o .- /© A s .  
R e c e n t l y  M aude e t  a l .  ( 1 9 8 7 )  h a v e  o b s e r v e d  a  s i m i l a r  l e v e l  in  h e a v i l y  
S i - d o p e d  G aAs in  w h ic h  t h e  F e r m i l e v e l  w a s  h ig h  e n o u g h  up t h e  
c o n d u c t i o n  b a n d  t o  o c c u p y  t h e  l e v e l  a t  lo w e r  p r e s s u r e s  t h a n  r e q u ir e d  b y  
M iz u ta  e t  a l .  ( 1 9 8 5 ) .  A l l a y i n g  a n d  t h e  a p p l i c a t i o n  o f  h y d r o s t a t i c  
p r e s s u r e  c a n  b o t h ,  t h e r e f o r e ,  t u n e  t h e  p o s i t i o n  o f  a  d e e p  l e v e l  w i t h
t
r e s p e c t  t o  t h e  c o n d u c t i o n  b a n d  a n d , in  p a r t i c u l a r ,  a s  t h e  l e v e l  c o m e s  
t h r o u g h  t h e  c o n d u c t i o n  b a n d  e d g e  r e s o n a n t  e l e c t r o n  s c a t t e r i n g  w i l l  
o c c u r .  A p p l i c a t io n  o f  h y d r o s t a t i c  p r e s s u r e  t o  a  s u i t a b l e  s a m p le  c a n  t h u s  
b e  s e e n  t o  b e  p e r h a p s  t h e  i d e a l  t e c h n i q u e  f o r  o b s e r v i n g  r e s o n a n t  
c e n t r a l - c e l l  s c a t t e r i n g  a s  t h e  p o s i t i o n  o f  t h e  l e v e l  c a n  b e  v a r i e d  in  o n e  
s a m p le  k e e p in g  a l l  o t h e r  p a r a m e t e r s  e s s e n t i a l l y  c o n s t a n t .
F i g ,  <3. 1 :  D e p e n d e n c e  o f  t h e  b a n d  s t r u c t u r e  o f  A l G a A s  o n  
a l l o y  c o m p o s i t i o n  a n d  h y d r o s t a t i c  p r e s s u r e  a t  3 0 0 K ,  S o l i d  
l i n e s  a r e  b a n d  e d g e  p o s i t i o n s  a s  a  f u n c t i o n  o f  A l  
f r a c t i o n ,  D a s h e d  l i n e s  a r e  a s  a  f u n c t i o n  o f  p r e s s u r e .  
D o t - d a s h e d  l i n e  i n d i c a t e s  t h e  m o v e m e n t  o f  t h e  ,S i  d e e p  
l e v e l  i n  Al . - ,  ir .G a < , .« / iA s  d e d u c e d  h e r e .
n o
W h erea s  in  G aA s a n d  InP  t h e  b a n d  s t r u c t u r e  i s  s u c h  t h a t  t h e r e  i s  
n e g l i g i b l e  p o p u la t io n  o f  t h e  h i g h  e n e r g y  L a n d  X m in im a  e x c e p t  u n d e r  
e x t r e m e s  o f  d o p in g  o r  p r e s s u r e ,  in  A IG aA s t h e  p o s i t i o n  i s  s o m e w h a t  
d i f f e r e n t .  A s t h e  p e r c e n t a g e  o f  A l in  t h e  a l l o y  i s  i n c r e a s e d  o r  a s  
h y d r o s t a t i c  p r e s s u r e  i s  a p p l i e d ,  t h e  r e l a t i v e  p o s i t i o n s  0+ t h e  m in im a  
c h a n g e ,  t h e  T a n d  X m in im a  c r o s s i n g  o v e r  a t  a b o u t  42% A l a n d  t h e  
m a t e r i a l  b e c o m in g  i n d i r e c t .  In  t h e  r e g io n  a r o u n d  t h e  c r o s s o v e r ,  
c o n d u c t i o n  e l e c t r o n s  a r e  d i s t r i b u t e d  am on g  a l l  t h r e e  c o n d u c t i o n  b a n d  
m in im a  w h ic h  a r e  q u i t e  c l o s e  in  e n e r g y .  T h e d i f f e r e n t  m in im a  h a v e  v e r y  
d i f f e r e n t  e f f e c t i v e  m a s s e s  a n d  m o b i l i t i e s .  T he m e a s u r e d  H a l l  c o e f f i c i e n t ,  
Rh i s  t h e n  n o t  s i m p l y  e q u a l  t o  1 /n e  a s  i s  t h e  c a s e  f o r  c o n d u c t i o n  b y  
e l e c t r o n s  in  o n e  m in im u m  , b u t  i s  a  f u n c t i o n  o f  t h e  r e l a t i v e  p o p u l a t i o n s  
a n d  m o b i l i t i e s  in  e a c h  o f  t h e  t h r e e  t y p e s  o f  m in im u m  ( L i f s h i t z  e t  a l .
( 1 9 8 0 ) ) .  S p e c i f i c a l l y ,
C _ _!.... «.r + (p .Y / MI - ) 3 - ffx + < Pu /jJr ) 2 .jSl- ,a 1 nKt-i — z . . ~ /  /  : vg. v.o. 1 )
n e  L ocr’  +  ( j i x  /  p . i -  > . a *  +  < j j . i _ /  p u - > . « i „ ]
In  t h i s  e x p r e s s i o n  a ^ n i / n  i s  t h e  f r a c t i o n  o f  t h e  t o t a l  n u m b er  o f
c o n d u c t i o n  e l e c t r o n s  in  a  p a r t i c u l a r  m inim um  a n d  p x i s  t h e  m o b i l i t y  o f
e l e c t r o n s  in  t h a t  m in im u m . I f  m o re  t h a n  o n e  m in im um  i s  o c c u p ie d ,  t h e  
e l e c t r o n  c o n c e n t r a t i o n  i s  n o t  w h a t  w o u ld  n o r m a l ly  b e  d e d u c e d  fr o m  t h e  
H a l l  c o e f f i c i e n t .  T h e  f a c t o r s  a* a r e  d e p e n d e n t  on  t h e  r e l a t i v e  p o s i t i o n s  
o f  t h e  m in im a  a n d  t h e  t e m p e r a t u r e  a n d  t h u s  a l s o  o n  t h e '  a l l o y
c o m p o s i t i o n  an d  t h e  p r e s s u r e .  H e r e  t h e  o u s  a r e  c a l c u l a t e d  u s i n g
8 . 2  TR ANSPO RT P R O P E R T I E S  I N  A I G a A s
H
al
l 
M
ob
ili
ty
 
(c
m
2/V
s
)
1 1 1
6 7 8  9 10 11 12 1 3 ^ 4
Pressure ( k b a r )
F i g . 8 . 2 ;  P r e s s u r e  d e p e n d e n c e  o f  t h e  H a l l  m o b i l i t y  o f  a  
s a m p l e  o f  A l o .  a i G s m  t.'--'As, E l e c t r o n s  t r a n s f e r  f r o m  F a n d  L 
m i n i m a  t o  X w i t h  i n c r e a s i n g  p r e s s u r e  s o  t h a t  i n  t h e  h i g h  
p r e s s u r e  r e g i o n  t r a n s p o r t  i s  d o m i n a t e d  b y  X e l e c t r o n s .
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F e r m i - D i r a c  s t a t i s t i c s  o b t a i n i n g  t h e  F e r m i e n e r g y  u s i n g  a n  a n a l y t i c  
a p p r o x im a t io n  d u e  t o  J o y c e  a n d  D ix o n  ( 1 9 7 7 ) .  T h e m o b i l i t i e s  a r e  n o t  
e a s y  t o  c a l c u l a t e .  T h e  m o b i l i t y  i n  t h e  V m inim um  c a n  b e  w e l l  e s t i m a t e d  
u s i n g  t h e  ISBE, p r o v id e d  n e u t r a l  im p u r i t y  s c a t t e r i n g  i s  in c l u d e d ,  b u t  
m o b i l i t i e s  i n  X a n d  L m in im a  a r e  m o r e  d i f f i c u l t .  F o r  t h e  m o b i l i t y  in  t h e  
X m in im a  w e c o n s i d e r  t h e  m o b i l i t y  i n  a  s a m p le  o f  A lG aA s u n d e r  h ig h  
p r e s s u r e  s u c h  t h a t  t r a n s p o r t  i s  d o m in a t e d  b y  X e l e c t r o n s .  T h i s  s a m p le  i s  
s i m i l a r  t o  t h e  o t h e r s  d e s c r i b e d  b e lo w ,  b e in g  g r o w n  in  t h e  s a m e  r e a c t o r  
u n d e r  v e r y  s i m i l a r  c o n d i t i o n s  a n d  w i t h  s i m i l a r  d o p in g ,  a n d  t h e  p r e s s u r e  
d e p e n d e n c e  o f  t h e  m o b i l i t y  i s  s h o w n  in  F i g  . 8 . 2 .  A t t h e  h i g h e r  p r e s s u r e s  
t h e  m o b i l i t y  s a t u r a t e s  a t  t h e  v a l u e  f o r  e l e c t r o n s  in  t h e  X m in im a . F o r  
t h e  L - m o b i l i t y ,  s i n c e  t h e  L m in im a  a r e  n e v e r  l o w e s t  i n  e n e r g y  a n d  L 
e l e c t r o n s  c a n  t h u s  n e v e r  d o m in a t e  t h e  t r a n s p o r t  p r o p e r t i e s ,  w e f o l l o w  
L i f s h i t z  e t  a l .  ( 1 9 8 0 )  a n d  u s e  t h e  r a t i o  p t _ / / i r = l / 7 .5  fo u n d  f o r  G aSb  
b e t w e e n  10  a n d  2 5  k b a r  i n  w h ic h  r a n g e  t h e  L m in im a  a r e  l o w e s t .
8 . 3  P R O P E R T I E S  OF THE S i  D E E P  L E V E L  I N  A l G a A s
T he d e e p  l e v e l  in  S i - d o p e d  A lG aA s i s  o n e  o f  a  c l a s s  o f  l e v e l s  w i t h  
s i m i l a r  p r o p e r t i e s  in  t h i s  a l l o y  s y s t e m .  I t  i s  p r e s e n t  a t  c o n c e n t r a t i o n s  
c l o s e  t o  t h a t  o f  t h e  d o n o r  a to m  w h e t h e r  t h e  d o n o r  i s  fr o m  g r o u p  IV o r  
VI o f  t h e  p e r i o d i c  t a b l e  ( I s h ik a w a  e t  a l .  ( 1 9 8 5 ) ) .  T h e l e v e l  i s  b e l i e v e d  
t o  b e  r e s p o n s i b l e  f o r  p e r s i s t e n t  p h o t o c o n d u c t i v i t y  in  A lG aA s a t  lo w  
t e m p e r a t u r e  ( N e ls o n  ( 1 9 7 7 ) ) .  Much w o r k  h a s  b e e n  r e p o r t e d  on  t h e  o p t i c a l  
a n d  e l e c t r i c a l  p r o p e r t i e s  o f  t h i s  f a m i l y  o f  l e v e l s  s o m e t im e s  k n ow n  a s  DX 
c e n t r e s  (L an g e t  a l .  ( 1 9 7 9 ) ,  H e n n in g  a n d  A n se m s  ( 1 9 8 7 ) ) ,  In  p a r t i c u l a r ,  
i t  i s  c h a r a c t e r i s e d  b y  a  l a r g e  F r a n c k -C o n d o n  s h i f t  w h ic h  m ay b e  
i n d i c a t i v e  o f  a  l a r g e  l a t t i c e  r e l a x a t i o n  a c c o m p a n y in g  c h a n g e s  i n  c h a r g e
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e s t a b l i s h e d ;  m o d e ls  s u c h  a s  a  d a n o r -V ^ a . c o m p le x  h a v e  b e e n  p r o p o s e d  
(L a n g  e t  a l .  ( 1 9 7 9 ) )  b u t  t h i s  r e q u i r e s  a n  u n r e a l i s t i c a l l y  h i g h  v a c a n c y  
d e n s i t y  t o  o b t a i n  t h e  l a r g e  DX c e n t r e  d e n s i t i e s  o b s e r v e d .  I t  h a s  b e e n  
r e c e n t l y  p r o p o s e d  t h a t  t h e  c e n t r e  a r i s e s  fr o m  s i m p l e  s u b s t i t u t i o n a l  
d o n o r  i m p u r i t i e s  (M iz u ta  e t  a l .  ( 1 9 8 5 ) )  a n d  t h e r e  i s  g o o d  e v i d e n c e  t o  
s u p p o r t  t h i s  id e a .
M e a s u r e m e n ts  w e r e  m ad e o n  f o u r  s a m p le s  o f  A lG aA s, d e t a i l s  o f  w h ic h  
a r e  g i v e n  in  T a b le  8 . 1 .
T a b l e  8 . 1
s t a t e  (Lang e t  a l .  ( 1 9 7 9 ) ) .  The s t r u c t u r e  o f  t h i s  c e n t r e  i s  n o t  w e l l
A l c o n t e n t  C a r r i e r  c o n c .  S i  c o n c .  H a l l  m o b i l i t y
(%) (cm - 3 ) (cm ~ s ) ( c n P /V s )
9 .5  1 . 4 x 1 0 ' *  1 .4 x 1 0 113 1 7 9 0
16  5 . 9 x 1 0 ' 7 8 . Ox l O17 9 0 5
1 9 .5  1 . 3 x 1 0 '  ® 1 . 4 x 1 0 ' e  1 0 2 0
41  3 . 0 x 1 0 ' e  4 , 6 x 1 0 ' 7 3 8 0
T h e  2pm  t h i c k  S i - d o p e d  l a y e r s  w e r e  g r o w n  b y  MBE on  s e m i -
i n s u l a t i n g  GaA s s u b s t r a t e s  w i t h  u n d o p e d  G aA s b u f f e r  l a y e r s  (0 .2 5 p m )  a n d
a t h i c k  ( 0 . 5 p m ) ,  u n d o p e d  A lG aA s s p a c e r  l a y e r  b e tw e e n  t h e  b u f f e r  a n d  t h e4*
d o p e d  l a y e r  i n  o r d e r  t o  a v o i d  c h a r g e  t r a n s f e r  t o  t h e  h e t e r o j u n c t i o n
i n t e r f a c e  a n d  t h e  c o n s e q u e n t  t w o - d i m e n s i o n a l  e f f e c t s ,  In  F i g . 8 , 3  i s  s h o w n  
t h e  p r e s s u r e  d e p e n d e n c e  o f  t h e  c a r r i e r  c o n c e n t r a t i o n  in  e a c h  o f  t h e  
s a m p l e s  n o r m a l i s e d  t o  a t m o s p h e r i c  v a l u e s .
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Pressure ( k b  ar)
F i g .  8 . 3 :  P r e s s u r e  d e p e r id e r : * ? e  o f  t h e  c a r r i e r  c o n c e n t r a t i o n
t o r  t h r e e  s a m p l e s  c l  o i  —d o p e d  A 1 ' .f a A s  s h o w i n g  c a r r i e r  l o s s  
I o  d e e p  l e v e l s ,  A 3 . 5 % A l  s a m p l e ,  ^ 1 6 %  A l  s a m p l e .
▼  1 9 . 6 %  A l  s a m p l e .
T h e b e h a v io u r  o f  a l l  t h r e e  s a m p le s  i s  s i m i l a r .  T h e  s a m p le  w i t h  9.5%  
A l s h o w s  n o  t r a p o u t  t o  a b o u t  8 k b a r  a n d  t h e n  s h o w s  a  f a i r l y  s t r o n g  
t r a p o u t  w i t h  i n c r e a s i n g  p r e s s u r e ,T h e  16% A l s a m p le  b e g i n s  t r a p p i n g  o u t  
a t  - 4 .5 k b a r  a n d  t h e  19,5%  A l s a m p le  t r a p s  o u t  im m e d ia t e ly  fr o m  
a t m o s p h e r i c  p r e s s u r e .  T h i s  t r a p o u t  c o r r e s p o n d s  r o u g h ly  t o  t h e  d e e p  
im p u r i t y  l e v e l  m o v in g  t h r o u g h  t h e  F e r m i l e v e l .
T h e  d e e p  l e v e l  o c c u p a n c y ,  n t ,  c a n  b e  w r i t t e n  a s :
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■Cl+<5‘ . e x p [  (E .a —E f- > / k a T 3  >
w h e r e  Nt., Ed a n d  8 a r e  t h e  d e n s i t y ,  e n e r g y  an d  d e g e n e r a c y  o f  t h e  d e e p  
l e v e l  r e s p e c t i v e l y  .T a k in g  nt. = N t .-n , w h e r e  n i s  t h e  t o t a l  c a r r i e r  
c o n c e n t r a t i o n  i n  t h e  c o n d u c t i o n  b a n d , w e o b t a i n :
-  =  6 .  e x p  {  > ( 8 . 3 )
n t .  r  k & T
F o r  t h e  s a m p le  w i t h  16% A l,  w h ic h  i s  a l s o  t h e  o n e  w i t h  t h e  l o w e s t  
c a r r i e r  c o n c e n t r a t i o n ,  Nt. i s  t a k e n  t o  b e  e q u a l  t o  t h e  m axim um  e l e c t r o n  
d e n s i t y .
C o r r e c t in g  t h e  m e a s u r e d  H a l l  c a r r i e r  c o n c e n t r a t i o n s  t o  t a k e  i n t o  
a c c o u n t  c a r r i e r s  i n  h i g h e r  c o n d u c t i o n  b a n d  m in im a  a s  d e s c r i b e d  b y  
L i f s h i t z  e t  a l .  ( 1 9 8 0 ) ,  w e  p l o t  i n  F i g . 8 , 4  ln G rtn * .) v s ,  p r e s s u r e  t o  g i v e  a  
r a t e  o f  d e e p e n in g  o f  t h e  t r a p  o f  1 0 , 7 + 0 . 5  m eV /k b a r  r e l a t i v e  t o  t h e  F e r m i  
l e v e l  f o r  t h i s  s a m p le .  T h e  u n c e r t a i n t i e s  i n  t h e  b a n d  s t r u c t u r e  
p a r a m e t e r s ,  p r e s s u r e  c o e f f i c i e n t s  an d  m o b i l i t i e s  o f  t h e  h ig h e r  l y i n g  
m in im a  m ean  t h a t  f o r  t h e  m o r e  h e a v i l y  d o p e d  s a m p le s  a  r e l i a b l e  p r e s s u r e
1 1 6
P r e s s u r e  ( k b a r )
\ 8 . 4 :  G r a p h  o f  l n ( ' n / n . 1 v s .  p r e s s u r e  t o  o b t a i n  t h e  r a t e
d e e p e n i n g  o f  t h e  d e e p  l e v e l  w i t h  p r e s s u r e  i n  t h e  16%  A l  
s a m p l e .  S o l i d  l i n e  i s  a  l e a s t  s q u a r e s  f i t  g i v i n g  a  
g r a d i e n t  c o r r e s p o n d i n g ;  t o  a  r a t e  o f  1 0 .  7 m e V / k b a r .
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c o e f f i c i e n t  c a n n o t  b e  d e d u c e d . B e e r e n s  e t  a l .  ( 1 9 8 6 )  h a v e  s t u d i e d  t h e  
b e h a v io u r  o f  t h e  S i  d o n o r  l e v e l  w i t h  r e s p e c t  t o  b o th  t e m p e r a t u r e  a n d  
p r e s s u r e  i n  s i m i l a r  s a m p l e s  a n d  f i n d  n o t  o n ly  t h a t  t h e  l e v e l  d e e p e n s  a t  
a  r a t e  o f  11 .O m eV /k b a r , i n  g o o d  a g r e e m e n t  w i t h  t h e  p r e s s u r e  c o e f f i c i e n t  
d e d u c e d  h e r e  b u t  a l s o  b e c o m e s  d e e p e r  a s  t e m p e r a t u r e  i s  r e d u c e d  a t  a  r a t e  
o f  a b o u t  0 ,4 m eV /K . T h i s  t e m p e r a t u r e  v a r i a t i o n  o f  t h e  a c t i v a t i o n  e n e r g y  
h a s  a l s o  b e e n  in v o k e d  b y  S v e n s s o n  a n d  S w a n s o n  ( 1 9 8 6 )  in  a  s t u d y  o f  
G a A s/A lG a A s h e t e r o s t r u c t u r e s ,  w h e r e  t h e  c e n t r e  h a s  a  s t r o n g  i n f l u e n c e  on  
t h e  e l e c t r o n i c  p r o p e r t i e s ,  a n d  i s  a l s o  a  n o t  u n r e a s o n a b l e  o b s e r v a t i o n  f o r  
a  c e n t r e  e x h i b i t i n g  l a r g e  l a t t i c e  r e l a x a t i o n  ( S c h u b e r t  a n d  P lo o g  ( 1 9 8 4 ) ) .
I t  i s  n o t  p o s s i b l e  fr o m  o u r  a n a l y s i s  a t  f i x e d  t e m p e r a t u r e  t o  
d e t e r m in e  a n  e x a c t  v a l u e  f o r  t h e  d e g e n e r a c y ,  S , b u t  i t  i n d i c a t e s  t h a t  8 
l i e s  b e tw e e n  6  a n d  8  c o n s i s t e n t  w i t h  t h e  im p u r i t y  l e v e l  b e i n g  a s s o c i a t e d  
w it h  e i t h e r  t h e  X -m in im a  o r  t h e  L -m in im a  r e s p e c t i v e l y .  In  a d d i t i o n ,  fr o m  
t h e  r a t e  o f  m o v e m e n t o f  t h e  t r a p  w i t h  p r e s s u r e  w e c a n  e s t i m a t e  t h a t  i t  
l i e s  a p r o x im a t e ly  90m eV  a b o v e  t h e  c o n d u c t i o n  b a n d  a t  a t m o s p h e r ic  
p r e s s u r e  in  t h i s  A lG a A s s a m p le  w i t h  16% A l, a t  room  t e m p e r a t u r e .  T he  
m o v e m e n t  o f  t h e  t r a p  w i t h  p r e s s u r e ,  r e l a t i v e  t o  t h e  c o n d u c t i o n  b a n d  
m in im a  i s  sh o w n  i n  F i g . 8 . 1
8 . 4  O B S E R V A T IO N  OF RESONANT S C A T T E R I N G
T u r n in g  now  t o  t h e  p r e s s u r e  d e p e n d e n c e  o f  t j i e  m o b i l i t y ,  i n  F i g ,8 .5  
i s  s h o w n  t h e  p r e s s u r e  d e p e n d e n c e  o f  t h e  n o r m a l i s e d  m o b i l i t y  f o r  t h e  
A l ,i sG a  .©^As s a m p le  t o g e t h e r  w i t h  t h e  c o r r e s p o n d i n g  v a r i a t i o n  in  c a r r i e r  
d e n s i t y .  I t  i s  im m e d ia t e ly  s t r i k i n g  t h a t  t h e r e  i s  a  d e c r e a s e  in  t h e  
m o b i l i t y  fr o m  t h e  g e n e r a l  t r e n d  c e n t r e d  a r o u n d  4 .5 k b a r ,  t h e  p r e s s u r e  a t  
w h ic h  t r a p o u t  s t a r t s .
Pressure (kbar)
i g . 8 . 5 :  P r e s s u r e  d e p e n d e n c e  o f  H a l l  m o b i l i t y  <^> a n c l
r r i e r  c o n c e n t r a t i o n  <’• >  f o r  s a m p l e  v i t h  1 6 % A l . S o l i d  
l i n e  i s  a  c a l c u l a t e d  m o b i l i t y  v a r i a t i o n  o b t a i n e d  a s  
d e s c r i b e d  i n  t h e  t e x t .
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T h e s o l i d  c u r v e  in  t h i s  f i g u r e  i s  a  c a l c u l a t e d  H a l l  m o b i l i t y  
v a r i a t i o n  t a k i n g  i n t o  a c c o u n t  c a r r i e r  t r a n s f e r  t o  h i g h e r  m in im a  a n d  
f i t t i n g  t o  t h e  p r e s s u r e  d e p e n d e n c e  o f  t h e  m o b i l i t y  in  t h e  V m in im um . 
R e s u l t s  o f  t h i s  f i t  a r e  i n  g o o d  a g r e e m e n t  w i t h  c a l c u l a t i o n  u s i n g  t h e
ISB E  a s  lo n g  a s  n e u t r a l  im p u r i t y  s c a t t e r i n g  i s  in c lu d e d  a s  d e s c r i b e d  b y  
D rum m ond a n d  H j a lm a r s o n  ( 1 9 8 6 ) ,  T h i s  b e c o m e s  im p o r t a n t  a t  t h e  h ig h e r  
p r e s s u r e s  a s  t h e  n e u t r a l  im p u r i t y  d e n s i t y  e x c e e d s  t h e  f r e e  c a r r i e r  
c o n c e n t r a t i o n  b y  a  f a c t o r  o f  up  t o  5  in  o u r  e x p e r im e n t .  T h e d i f f e r e n c e  
b e t w e e n  t h i s  l i n e  a n d  t h e  e x p e r i m e n t a l  p o i n t s  w e a s c r i b e  t o  r e s o n a n t  
c e n t r a l - c e l l  s c a t t e r i n g  a s  t h e  S i  d e e p  l e v e l  m o v e s  t h r o u g h  t h e
c o n d u c t i o n  b a n d  e d g e  u n d e r  t h e  i n f l u e n c e  o f  p r e s s u r e .
S i n c e  t h e  d ip  in  m o b i l i t y  i s  c o m p l e t e  b e f o r e  m o re  t h a n  20% o f  t h e  
i m p u r i t y  c e n t r e s  a r e  f i l l e d  i t  d o e s  n o t  a p p e a r  t h a t  i t  c a n  b e  d u e  t o  a  
c h a n g e  in  t h e i r  c h a r g e  s t a t e  a f f e c t i n g  i o n i s e d  im p u r i t y  s c a t t e r i n g  o r  
d u e  t o  a  t y p e  o f  t r a p - c o n t r o l l e d  m o b i l i t y  (A dam s a n d  S p e a r  ( 1 9 6 4 ) ) .  
T h e s e  e f f e c t s  w o u ld  b e  e x p e c t e d  t o  c o n t i n u e  t o  h ig h e r  p r e s s u r e  a n d  n o t  
s a t u r a t e  u n t i l  m o s t  o f  t h e  c e n t r e s  c o n t a i n e d  e l e c t r o n s .
T he t h e o r y  o f  S a n k e y  e t  a l .  ( 1 9 8 2 )  t o  d e s c r i b e  r e s o n a n t  s c a t t e r i n g
h a s  b e e n  d e s c r i b e d  a b o v e .  To s u m m a r is e ,  t h e y  g i v e  f o r  t h e  s c a t t e r i n g  
r a t e  a s  a  f u n c t i o n  o f  e l e c t r o n  e n e r g y ,  E ,
1 / t ( E )  =  ( 2 N n  /b T cD  ( E ) ) s i n ' :Y  ( E ) (8.4)
sin-'-V (E) [ 7 r d  ( E )  ]  + ( 8 .5 ){ [  V . “  1 - g ( E ) ] - 2  +  C Tid ( E ) 3 :z-}
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w h e r e  N i i s  t h e  im p u r i t y  d e n s i t y ,  N ( E )  t h e  t o t a l  c o n d u c t i o n  b a n d  d e n s i t y  
o f  s t a t e s  a n d  t h e  r e a l  f u n c t i o n s  g ( E )  a n d  d ( E )  a r e  a s  d e s c r i b e d  
p r e v i o u s l y .  d ( E>  i s  r e l a t e d  t o  t h e  d e n s i t y  o f  s t a t e s ,  N ( E ) ,  a n d  i s  
r o u g h l y  t h e  d e n s i t y  o f  s t a t e s  a s s o c i a t e d  w i t h  o n e  h a l f  o f  a  s i n g l e  
p r i m i t i v e  c e l l .  T h e  f u n c t i o n  s i n 2 # ( E )  c o n t a i n s  t h e  r e s o n a n t  b e h a v io u r .  A t 
V a " 1 = g ( E ) , s i n 2 # = l  w h ic h  c o r r e s p o n d s  t o  t h e  p e a k  o f  t h e  r e s o n a n c e .  A w ay  
fr o m  t h i s  c o n d i t i o n  s i n 2 # d e c r e a s e s  r a p i d l y .  To o b t a i n  t h e  s h a p e  o f  t h e  
r e s o n a n c e  i t  i s  n o t  n e c e s s a r y  t o  know  t h e  e x a c t  v a l u e s  o f  V~ a n d  g ( E > .  
A l l  t h a t  i s  r e q u ir e d  i s  t h e  d e r i v a t i v e  g ’ (E)  a t  g ( E) =V, =_ 1 , f o r  w e t h e n  
h a v e ,
s i n 2 #  = <C ( B - E r ) g ’ <E> 3 2 / n 2 d 2  ( E ) + l )  ' 1 ( 8 . 6 )
w h e r e  E,~ i s  t h e  e n e r g y  o f  t h e  r e s o n a n t  l e v e l ,  h e r e  t a k e n  t o  b e  t h e  
p o s i t i o n  o f  t h e  S i  d e e p  l e v e l ,  E d.
R e s u l t s  o f  c a l c u l a t i o n  o f  g ( E ) ,  u s i n g  t h e  m e th o d  o f  H ja lm a r s o n  e t
a l .  ( 1 9 8 0 ) ,  f o r  S i  i n  G aA s a t  2 0 k b a r ,  f o r  w h ic h  t h e  b a n d  s t r u c t u r e  i s
s i m i l a r  t o  t h e  s a m p le  c o n s i d e r e d  h e r e ,  i s  p l o t t e d  in  F i g . 8 . 6 .  T h is  g i v e s  
a  v a l u e  o f  a b o u t  leV"~2  f o r  g ’ ( E ) ,  w h ic h  c o r r e s p o n d s  t o  a h a l f - w i d t h  o f
t h e  r e s o n a n c e  o f  l e s s  t h a n  0 .5 m eV . T h e m e a s u r e d  m o b i l i t y  i s  a n  a v e r a g e
o v e r  t h e  e l e c t r o n  d i s t r i b u t i o n  a n d  s o  t h e  s h a r p n e s s  o f  t h e  r e s o n a n c e  
m e a n s  t h a t  t h e  c a l c u l a t i o n  i s  i n s e n s i t i v e  t o  f a i r l y  l a r g e  e r r o r s  in  
g ’ ( E ) .  Our e s t i m a t e  s h o u l d  t h e r e f o r e  b e  a d e q u a t e  t o  d e s c r i b e  t h e  
e x p e r i m e n t a l  r e s u l t s .  We c a l c u l a t e  an  a v e r a g e  s c a t t e r i n g  r a t e  o v e r  t h e  
e l e c t r o n  d i s t r i b u t i o n  a s :
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> =  f E P X E l f  ( g >,T  ' ( E ) . d E
J E D  ( E )  f  ( E )  . d E
w h e r e  f ( E )  i s  t h e  F e r m i - D i r a c  d i s t r i b u t i o n .
R e t u r n in g  t o  t h e  e x p e r i m e n t a l  m o b i l i t y  r e s u l t s ,  t o  s e p a r a t e  o u t  a  
s c a t t e r i n g  r a t e  d u e  t o  r e s o n a n t  s c a t t e r i n g  M a t - t h ie s s e n ’s  r u l e  i s  u s e d .  
T h i s  i s  r e a s o n a b l e  s i n c e  o n ly  a  l i m i t e d  e n e r g y  r a n g e  i s  s a m p le d  b y  t h e  
s c a t t e r i n g .  H a v in g  t h u s  d e t e r m in e d  t h e  m o b i l i t y  l i m i t e d  b y  r e s o n a n t  
s c a t t e r i n g ,  p e c ,  w e d e t e r m in e  t h e  a v e r a g e  s c a t t e r i n g  r a t e  <t- 1 > o v e r  t h e  
e l e c t r o n  d i s t r i b u t i o n  fr o m  p = e T /m * . T h i s  i s  s h o w n  b y  t h e  p o i n t s  in  
F ig  . 8 . 7 .  T h e s c a t t e r i n g  r a t e  h a s  a  p e a k e d  s t r u c t u r e  c e n t r e d  a r o u n d  4 - 5  
k b a r  w i t h  a w id t h  o f  a b o u t  2 ,5  k b a r  w h ic h  c o r r e s p o n d s  t o  a  m o v em en t o f  
t h e  d e e p  l e v e l  o f  =k&T a t  room  t e m p e r a t u r e  r e l a t i v e  t o  t h e  e l e c t r o n  
d i s t r i b u t i o n .  T h e c a l c u l a t e d  s c a t t e r i n g  r a t e  i s  a l s o  p l o t t e d  in  F i g . 8 , 7  a s  
t h e  s o l i d  l i n e ,  t a k i n g  t h e  r e s o n a n c e  c e n t r e d  a t  t h e  e x p e r im e n t a l  m axim um  
a n d  t h e  m e a s u r e d  p r e s s u r e  c o e f f i c i e n t  o f  t h e  t r a p ,  d ( E d - E p ) / d P  = 
1 0 .7 m e V /k b a r .  C o n s id e r i n g  t h e  a p p r o x im a t e  n a t u r e  o f  t h e  a n a l y s i s ,  t h e  
a g r e e m e n t  i s  v e r y  g o o d .
T h e  q u e s t i o n  now  a r i s e s  a s  t o  w h e t h e r  r e s o n a n t  s c a t t e r i n g  c a n  b e
o b s e r v e d  f o r  a l l  a l l o y  c o m p o s i t i o n s  a n d  c a r r i e r  c o n c e n t r a t i o n s .  An
o b s e r v a b l e  e f f e c t  o n  t h e  m o b i l i t y  r e q u i r e s  t h a t  an  a p p r e c i a b l e  f r a c t i o n
o f  t h e  e l e c t r o n  p o p u l a t i o n  s h o u l d  l i e  w i t h i n  t h e  i n f l u e n c e  o f  t h e  v e r y
✓
n a r r o w  r e s o n a n t  l e v e l .  An o b v io u s  c o n d i t i o n  i s  t h e  e x i s t e n c e  o f  a  
s u i t a b l e  d e e p  l e v e l  d e g e n e r a t e  w i t h  c o n d u c t i o n  b a n d  s t a t e s .  T h is  i m p l i e s  
a  c r i t i c a l  A lG aA s c o m p o s i t i o n  s u c h  t h a t  t h e  l e v e l  i s  a l r e a d y  w i t h i n  t h e  
e n e r g y  g a p . F o r  A l f r a c t i o n s  l e s s  t h a n  t h i s ,  a p p l i c a t i o n  o f  an  
a p p r o p r i a t e  h y d r o s t a t i c  p r e s s u r e  w i l l  b r i n g  t h e  l e v e l  t h r o u g h  t h e
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F i g .  8 .  6 :  C a l c u l a t e d  v a r i a t i o n  o f  g ' E ' *  f o r  S i  i n  G a A s  a t  a  
p r e s s u r e  o f  2 0 k b a . r .  T h e  d e r i v a t i v e  o f  t h i s  f u n c t i o n  
d e t e r m i n e s  t h e  w i d t h  i n  e n e r g y  o f  t h e  r e s o n a n t  l e v e l .
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F i g . 8 . 7 :  A v e r a g e  s c a t t e r i n g  r a t e  d u e  t o  r e s o n a n t  c e n t r a l
c e l l  s c a t t e r i n g  a s  t h e  r e s o n a n t  l e v e l  m o v e s  t h r o u g h  t h e  
e l e c t r o n  d i s t r i b u t i o n  i n  r e s p o n s e  t o  a p p l i e d  p r e s s u r e .  
P o i n t s  a r e  d e d u c e d  f r o m  t h e  m o b i l i t y  d a t a  o f  F i g . 8 . 5 .  a n d  
t y p i c a l  e r r o r s  a r e  i n d i c a t e d .  S o l i d  l i n e  i s  a  c a l c u l a t e d  
s c a t t e r i n g  r a t e  u s i n g  t h e  t h e o r y  o f  S a n k e y  e t  a l . ( 1 9 8 2 )
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c o n d u c t i o n  b a n d  e d g e  a n d  p o s s i b l y  sh o w  r e s o n a n t  s c a t t e r i n g .  F o r  t h e  
o b s e r v a t i o n  o f  t h i s  s c a t t e r i n g ,  t h e  r e s o n a n t  l e v e l  m u s t  b e  c l o s e  t o  t h e  
F e r m i e n e r g y  an d  i n  a d d i t i o n ,  t h e  c a r r i e r  d e n s i t y  m u s t  n o t  b e  s o  h ig h  
t h a t  o n ly  a  s m a l l  f r a c t i o n  o f  t h e  e l e c t r o n s  i s  c l o s e  t o  t h e  F e r m i  
e n e r g y .  T h e s e  tw o  c o n d i t i o n s  l i m i t  t h e  r a n g e  o f  s a m p l e s  in  w h ic h  
r e s o n a n t  s c a t t e r i n g  c a n  b e  e x p e c t e d  t o  b e  a p p r e c i a b l e .  T h e F e r m i l e v e l  
s h o u l d  l i e  w i t h i n  t h e  c o n d u c t i o n  b a n d  b u t  n o t  t o o  h i g h .  T h e  s a m p le  in  
w h ic h  we h a v e  o b s e r v e d  r e s o n a n t  s c a t t e r i n g  i s  i d e a l .  T h e  F e r m i l e v e l  i s  
a b o u t  lOmeV a b o v e  t h e  c o n d u c t i o n  b a n d  m in im um  a n d  t h e  a l l o y  c o m p o s i t i o n  
s u i t a b l e  t o  b r in g  t h e  d e e p  l e v e l  t h r o u g h  t h e  r i g h t  e n e r g y  i n  a  
r e a s o n a b l e  p r e s s u r e  r a n g e .  E v en  in  t h i s  c a s e ,  t h e  i n f l u e n c e  on  t h e  
m o b i l i t y  i s  s m a l l ,  l i m i t i n g  i t  t o  a b o u t  3 0 0 0 0 c m 2 /V s  a t  t h e  p e a k .
C o n s id e r  now t h e  o t h e r  tw o  s a m p le s  s t u d i e d .  T h e  p r e s s u r e  
d e p e n d e n c e  o f  t h e  n o r m a l i s e d  m o b i l i t y  i s  p l o t t e d  in  F i g . 8 . 8 .  In  t h e  19% 
A l s a m p le  t h e  F e r m i l e v e l  i s  r o u g h ly  40m eV  a b o v e  t h e  b o t t o m  o f  t h e  
c o n d u c t i o n  b a n d . T h i s ,  t o g e t h e r  w i t h  t h e  a l l o y  c o m p o s i t i o n ,  m e a n s  t h a t  
t h e  S i  d e e p  l e v e l  i s  a l r e a d y  b e lo w  t h e  F e r m i l e v e l  a t  a t m o s p h e r ic  
p r e s s u r e  s o  n o  r e s o n a n t  s c a t t e r i n g  i s  o b s e r v e d .  In  t h e  9.5% s a m p le ,  t h e  
l e v e l  i s  c e r t a i n l y  b r o u g h t  th r o u g h  t h e  r i g h t  e n e r g y  r a n g e  a t  a b o u t  
9 - l G k b a r  a s  e v i n c e d  b y  t h e  o n s e t  o f  c a r r i e r  t r a p o u t ,  ( F i g . 8 . 3 ) ,  b u t  n o  
c o r r e s p o n d i n g  d ip  i n  t h e  m o b i l i t y  c a n  b e  o b s e r v e d .  C a l c u l a t i o n  o f  t h e  
p e a k  s c a t t e r i n g  r a t e  f o r  t h i s  s a m p le  a s  d e s c r i b e d  a b o v e  g i v e s  a  m o b i l i t y  
l i m i t  o f  g r e a t e r  t h a n  1 x 1 0 s  c m ~ /V s  w h ic h  i s  n o t  o b s e r v a b l e  w it h  t h e  
r e s o l u t i o n  o f  o u r  e x p e r im e n t .  S o  w e s e e  t h a t  a t  room  t e m p e r a t u r e ,  
c e n t r a l - c e l l  s c a t t e r i n g  w i l l  o n ly  h a v e  a  l a r g e  i n f l u e n c e  o n  t h e  m o b i l i t y  
in  a  h e a v i l y  c o m p e n s a t e d  s a m p le  w i t h  a  d e e p  l e v e l  j u s t  c o i n c i d e n t  w i t h  
t h e  c o n d u c t i o n  b a n d  m in im u m . H y d r o s t a t i c  p r e s s u r e  w i l l  n o r m a l ly  r e m o v e
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Fig. 8. 8: Fres-sure dependence of Hall mobility for samples
of AlGaAs with 9.5% (A 3 and 19.5% <▼> A l . Neither of these 
s a m p l e s  show evidence of resonant central cell scattering 
owing to their heavy doping.
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this degeneracy and provides an excellent test of the presence of 
central cell scattering. It thus seems unlikely that central cell 
scattering is responsible for depressed mobilities measured in some 
samples.
At low temperatures, as the phone i limited mobility increases, the 
relative importance of resonant central cell scattering will increase, 
particularly if the resonant centre is associated with a neutral 
impurity so that its effect is not. masked by Coulomb scattering.
8 . 5  C O N C L U S I O N
In conclusion, experimental results have been presented which show, 
for the first time, the influence on the mobility of electrons in a 
semiconductor of resonant scattering from the central cell potential of 
an jjmpurity. The resonance was observed as the level was brought 
through the conduction band under hydrostatic pressure. The scattering 
rate could be well described by the model of Sankey et al. (1982)
127
E L E C T R O N I C  P R O P E R T I E S  OF  TWO D I M E N S I O N A L  S T R U C T U R E S  
I N  T H E  G a l n A s / I n P  M A T E R I A L  S Y S T E M
9 .  1 I N T R O D U C T I O N
Modulation doped two dimensional systems grown on InP substrates 
use Gao .^ 7 Ino .ssAs as the conducting layer with the electrons supplied 
by a doped InP layer (Nicholas et al. (1985), Guldner et al. (1982)). 
This composition of GalnAs is lattice matched to InP and its band gap 
is smaller than that of InP and so is suitable for producing electron 
confinement within the alloy. Conceptually the simplest system is the 
single quantum well in which the potential is defined by the structure 
almost independent of doping and the energy levels approximate to the 
well known particle- in-a-box calculation. Another commonly studied 
system is the single hetero junction which is simpler from the point of 
view of growth but in which the confining potential is not as closely 
defined. In this case a roughly triangular potential is formed in a 
modulation doped structure because of band-bending due to transfer of 
electrons from the doped wide gap InP to the undoped GalnAs, The shape 
of the potential is thus dependent on the quantity of charge 
transferred. Many of the basic properties of electrons in a triangular 
well were studied theoretically in inversion layers on Si (Stern and 
Howard (1967)). Hetero junctions can be grown in one of two 
configurations. Early work concentrated on the so-called ’inverted’ 
geometry in which the doped InP layer is closest to the substrate with 
the alloy layer above it. The ’normal’ geometry refers to samples in
CHAPTER 9
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which the conducting alloy layer lies between the substrate and the 
doped layer. In GaAs/AlGaAs heterojunctions it is well known that there 
is an asymmetry between normal and inverted structures. Electron 
mobilities up to 5x10s have been reported for normal structures 
(English et al, (1987)) whereas for inverted structures the mobilities 
are considerably lower (Drummond et al. (1983), Heiblum (1985)), 
possibly due to interface roughness when growing GaAs on AIGaAs. In 
what follows experiments on all these types of structure as well as on 
multiple quantum wells will be described. Table 9.1 summarises the 
structures studied and their mobilities and carrier concentrations.
T a b l e  9 . 1
Structure
Type
Doping 
Density 
(1017ci“3)
Doping
Thickness
(A)
Sheet
nuall
(101'ci-
Sheet
nsdH
2) G O 1 1 cur
Hall
Mobility 
s ) (cm-VVs
inv HJ 1 1000 3.2 3.3 52000
inv HJ 1 600 1.8 2.0 30000
inv HJ <5 400 1.58 1. 52 36500
norm HJ 1 500 2, 02 2. 08 39000
norm HJ 5 400 3.42 3. 43 69000
norm HJ <1 500 1. 05 0.94 20000
SQW 3 300+200 1.7 18000
16xMQW 3 300* 10. 5* 10. 7* 50000
t : per well
n I nP
u d G a ln A s 0 Q O
u d InP 100  A
n + InP
u d InP 2000 A
SI s u b s t r a t e
b
P T in T    g:
u d  InP  iooAT
u d  G a l n A s  ioooA"
u d  InP  2 0 0 0 A
S I s u b s t r a t e
ll. V
c
n+ I n P
ud InP 150 A
u d G a l n A s  100 A
u d InP 150 A
n + InP
ud InP 180 A
SI s u b s t r a t e
ud InP •3ju m
n+ InP
u d InP 100 A
u d G a l n A s 100 A
u d InP 100  A
n + InP
u d InP 'i/urn
SI s u b s t r a t e
Fig.9.1: Typical Leterostructures studied,
inverted h e t e r o j u n c t i o n ; b- normal heterojunction; 
- single q u a n t u m  well; d- multiple q u a ntum well.
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9 . 2  P A R A L L E L  C O N D U C T I O N
When transport measurements are made on a structure containing a 
two dimensional electron gas, in the plane of the 2D gas, there may be a 
contribution to the charge transport from electrons in parts of the 
structure other than the 2D layer. In particular, this parallel 
conduction may occur in the doped InP layer which may not be fully 
depleted, particularly if it is thick. M.J. Kane et al.(1985) have 
discussed how such processes can affect the measured Hall mobility and 
carrier concentration. Parallel conduction also results in a difference 
between the carrier density deduced from Hall effect measurements, which 
is a weighted average similar to that measured in multiband transport in 
AlGaAs for instance, and Shubnikov-de Haas measurements which only 
measure the 2DEG density but also give an indication of parallel 
conduction by the presence of a baseline to the oscillations which 
increases with magnetic field.
Except where indicated, all the samples discussed here have been 
carefully designed to give no parallel conduction. In Fig.9.1 are shown 
typical structures. The thickness of the InP doped layers was kept low 
enough to ensure that they were fully depleted and there was negligible 
parallel conduction so that the experimental results relate solely to 
properties of the two dimensional electron system. Shubnikov-de Haas 
measurements made on these samples confirm the absence of parallel 
conduction.
9 . 3  T E M P E R A T U R E  D E P E N D E N C E  OF  T H E  M O B I L I T Y
In Fig .9.2 is shown the temperature dependence of the mobility and 
carrier density for a multiple 100A quantum well. The mobility increases
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F " 5 s ; . 9 . 2 :  T e m p e r a t u r e  d e p e n d e n c e  o f  t h e  H a l l  m o b i l i t y  o f  a
m o d u l a t i o n  d o p e d  m u l t i p l e  q u a n t u m  w e l l  s a m p l e  w i t h  a n  
a r e a l  c a r r i e r  d e n s i t y  o f  1 . 0 5 x 1 0 ' - ' .
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as the temperature is reduced as the effect of phonon scattering is 
reduced. Below about 80K the mobility is essentially temperature 
independent. In this region, scattering is dominated by impurity and 
alloy scattering which are temperature insensitive in degenerate two 
dimensional systems as are considered here.
Studies of the electron mobility as a function of temperature are 
of limited use. In the low temperature regime, as has been noted, 
temperature does not affect the mobility and so gives no information on 
the relative importance of the scattering mechanisms limiting the 
mobility.
9 . 4  P E R S I S T E N T  P H O T O C O N D U C T I V I T Y
Both heterojunctions and single quantum wells show persistent 
photoconductivity when illuminated with light above the InP bandgap 
energy (M.J. Kane et al. (1986), Anderson et al. (1986)). The 
photogenerated carriers persist essentially indefinitely if the 
temperature is below about 80K although the relaxation process is sample 
dependent. The effect of illumination is indicated for the heterojunction 
in Fig.9.3 from which it can be seen that the carrier density only 
relaxes for temperatures above 250K on a time scale of minutes. The 
temperature dependence of the mobility is similar to that of the 
multiple quantum well and is typical of the heterojunction samples 
studied. The increase in carrier density on illumination is accompanied 
by an enhancement of the mobility which also persists to high 
temperatures. The scattering mechanisms all depend on the electron 
kinetic energy, and hence on the carrier density.
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F i g . 9 . 3 :  T e m p e r a t u r e  d e p e n d e n c e  o f  t h e  H a l l  m o b i l i t y  a n d
s h e e t  c a r r i e r  d e n s i t y  f o r  a  h e t e r o j u n c t i o n  s a m p l e  s h o w i n g  
p e r s i s t e n t  p h o t o c o n d u c t i v i t y .  T h e  s a m p l e  w a s  c o o l e d  i n  
t h e  d a r k  a n d  i l l u m i n a t e d  a t  l o w  t e m p e r a t u r e  a n d  t h e n  
w a r m e d  t o  r o o m  t e m p e r a t u r e
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PPC has been observed in a variety of semiconductor systems in two 
and three dimensions (Vei et al.(1984), Stormer et al. (1979), Lang et 
al. (1979), Queisser and Theodorou (1979)). The phenomenon depends on 
photogenerated carriers being prevented from recombining by some 
potential barrier and the system thus being unable to reach equilibrium 
at low temperatures. In AIGaAs in which DX centres are present, there is 
PPC which is due to the deep level, perhaps because there is a large 
lattice relaxation on carrier trapping. In two dimensional systems the 
structure itself can also provide the conditions for PPC and studies of 
the wavelength dependence of PPC in GaAs/AlGaAs heterostructures show 
that two mechanisms contribute to the effect (Kastalsky and Hwang
(1984)). One is associated with DX centres, as might be expected by 
extension from 3D, and the other probably due to carrier separation by 
the electric field in the structure followed by trapping of holes 
possibly at deep levels in the substrate. In GalnAs/InP, neither of the 
constituents is known to exhibit PPC at the doping levels used in these 
structures so the effect is probably structural,
Measurements made as a function of carrier density varied by, for 
example, persistent photoconductive effects can therefore help to 
elucidate the important scattering processes in two dimensional systems. 
Measurements such as these have been made for the samples discussed 
here (MJ. Kane et al, (1985)). In Fig.9.4 is plotted the Hall mobility as 
a function of carrier concentration for six heterojunction samples, three 
normal and three inverted. The carrier density was varied at 4.2K by 
pulses of low intensity illumination of varying length, and measurements 
made in the dark several minutes after the light had been switched off.
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C a r r i e r  C o n c e n t r a t i o n  [ c m ’ 2 )
F i g . 9 . 4 :  D e p e n d e n c e  o f  t h e  H a l l  m o b i l i t y  o n  c a r r i e r
e n s i t y  v a r i e d  u s i n g  PF'C a t  4 . 2 K  f o r  s i x  h e t e r o j u n c t i o n  
s a m p l e s .  S o l i d  s y m b o l s  a r e  i n v e r t e d  s t r u c t u r e s ,  o p e n  
s y m b o l s  a r e  n o r m a l  s t r u c t u r e s .
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All the samples show an initial increase in mobility with carrier 
concentration. If ionised impurity scattering is dominant, Valukiewicz et 
al. (1984) calculate that a log-log plot of p vs. ns should have a slope 
of 1.4 for remote impurities and 1.2 for residual background impurities. 
For GaAs/AlGaAs heterojunctions values of this order are typical 
(Hirakawa and Sakaki (1986)) but in GalnAs/InP a slope of approximately
0.6 is found (M.J. Kane et al. (1986)). This is thought to be due to alloy 
scattering which will be much stronger in this material system. The 
available calculations of alloy scattering (Bastard (1983)) indicate that 
the mobility limited by this mechanism should decrease with increasing 
carrier density. If a combination of ionised impurity and alloy 
scattering is limiting the mobility, the slope will be reduced from that 
expected for ionised impurity scattering alone to, possibly, what is 
observed and a very good fit has been obtained by M.J. Kane et al.
(1986) The theory for alloy scattering, however, is not sufficiently 
refined to make quantitative comparisons. For example, as has been noted 
above, for square well samples the theoretical mobility limited by alloy 
scattering (Brum and Bastard (1985)) is considerably lower than 
experimental mobilities (Anderson et al. (1986)).
At higher carrier densities, the mobility reaches a maximum and 
sometimes turns over and decreases. This is due to the onset of inter­
subband scattering as the second subband begins' to be filled, This is 
confirmed by Shubnikov-de Haas measurements made by M.J. Kane et al.
(1986) which start to show a second period in the oscillations 
corresponding to a second electron population beginning. There is no 
systematic difference in the mobilities obtained between normal and 
inverted structures.
H
ol
l 
M
ob
ili
ty
 
(c
m
10 
8
6 
4
sT
c N  2 L
10
O O  0
A  A  A
z. >
I 1-11 11 J I I I 111 II J L
10
nQ
12 L. n>"t
Oo23r\
n
23
10'
10 50 100 300 10
10
Temperature  (K)
F i g . 9 . 5 :  T e m p e r a t u r e  d e p e n d e n c e  o f  t h e  H a l l  m o b i l i t y  a n d
c a r r i e r  c o n c e n t r a t i o n  f o r  a  m o d u l a t i o n  d o p e d  s i n g l e  
q u a n t u m  w e l l .  O p e n  a n d  s o l i d  s y m b o l s  c o r r e s p o n d  t o  t w o  
e x p e r i m e n t s  u n d e r  n o m i n a l l y  i d e n t i c a l  c o n d i t i o n s ,  b o t h  
c o o l i n g  i n  t h e  d a r k .  T h i s  i l l u s t r a t e s  t h e  p r o b l e m  o f  
i r r e p r o d u c i b i 1 i t y  i n  s a m p l e s  s h o w i n g  P P C .
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While the persistent photoconductivity effect is very useful as a 
probe of electron scattering processes, the large activation energy for 
relaxation means that persistent effects can remain at quite elevated 
temperatures and measurements of carrier concentration and mobility 
depend on the recent illumination history of the sample and on the 
cooling rate. This makes reproducibility poor and limits the use of 
temperature dependent mobility measurements. A striking example of this 
is shown in Fig .9.5. This shows two sets of mobility and carrier 
concentration data for the same sample, a 100A quantum well, nominally 
under the same experimental conditions, cooled at approximately the same 
rate in the dark. The two mobility curves are very different at low 
temperatures. In one case the mobility is characteristic of a degenerate 
2D system and reaches a plateau value below about 80K. In the other, the 
mobility peaks and then decreases as the temperature is reduced. This 
sample also shows a very rapid rise in mobility with carrier density at 
low temperature as shown in Fig ,9.6. The reason for this is the presence 
of fluctuations in the well potential of depth roughly equal to the Fermi 
energy corresponding to the dark carrier density. These lead to pools of 
degenerate material separated by potential barriers. At low temperature, 
if the Fermi level is such that the pools are not connected, the sample 
is insulating. As more carriers are added, the pools deepen and join up 
forming a continuous conduction path at the percolation threshold when 
one half of the sample area is occupied by metallic regions. At this 
threshold there is a very rapid increase of conductivity with carrier 
concentration, Adkins (1979a,1979b) has given a theory for this 
situation based on an effective medium model.-
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F i g . 9.6: Carrier concentration dependence of the Hall
m obility at 4.2K varied using PPC for the single quantum 
well of Fig . 9.5, The very rapid rise in mobility cannot 
fe>e explained by any of the usual scattering mechanisms 
but represents a percolation threshold.
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F i g . 9.7: Pressure dependence of the mobility and carrier
concentration at roo m  temperature for four heterojunction 
samples, a. and b. are inverted structures, c. and d. are
normal structures.
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The potential fluctuations in this and similar samples are due to 
the dopant atoms (M.J. Kane and Rorison (1987)). This sort of behaviour 
makes investigation of carrier mobility as a function of effective mass, 
as has been described in three dimensional material very difficult. 
However, as will be discussed below, pressure causes carrier trapout 
from this sample and others like it. This suggests that high pressure 
can be used to study the percolation-type transport in these systems by 
reducing the carrier concentration to below the threshold level. Such 
experiments are currently being planned.
9 . 5  PRESSURE DEPENDENCE OF TH E  M O B IL IT Y
Another external perturbation that can be applied to a sample is 
hydrostatic pressure. Its usefulness has been demonstrated in three 
dimensions in earlier chapters and in many other studies (see, for 
example, the Proceedings of the AIRAPT series of conferences). In 
particular, in the plateau region of the mobility vs. temperature curve 
of modulation doped heterostructures, the tunability of the effective 
mass may prove a valuable probe of the dominant scattering mechanisms. 
To begin with, we consider pressure measurements made at room 
temperature to 15 kbar. In Fig.9.7 is shown the normalised pressure 
dependence of the mobility and carrier concentration for four 
heterojunction samples - two inverted (samples in*'Figs.9.7a and b) and 
two normal (c and d). All these samples show strong trapout with 
pressure, a point that will be discussed later, but their mobility 
behaviour is different. This results from the different subband filling 
in the samples at atmospheric pressure. In Fig.9.7a, the mobility first 
increases as carriers are removed and then decreases. This sample has a
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carrier density such that the second electric subband is begining to be 
filled at atmospheric pressure. Intersubband scattering is eliminated as 
the first of the carriers trap out. Once the second subband is emptied, 
the mobility, now due solely to carriers in the lowest subband, 
decreases as the carrier density is reduced further. The sample in 
Fig.9,7b has a lower carrier density and carriers are confined to the 
lowest subband even at atmospheric pressure, The mobility therefore 
decreases monotonically with pressure. Similar behaviour is exhibited by 
the sample in Fig.9.7c while in Fig.9.7d where the second subband is 
appreciably filled, the mobility first decreases and then begins to 
increase as the Fermi level approaches the bottom of the second subband 
and intersubband scattering is reduced, This sample at 15kbar (with *55% 
of the atmospheric pressure carrier density) shows similar subband 
occupation to the one in Fig.9 .7a at atmospheric pressure. These samples 
in fact have very similar carrier densities at atmospheric pressure and 
the difference in their behaviour illustrates that second subband filling 
occurs much more readily in normal structures than in inverted. This has 
been discussed by MJ. Kane et al. (1986) in connection with PPC in 
these structures and is due to changes in the well shape with 
carrier density. In normal structures these changes are small as 
electrons and holes are trapped on the same side of the heterojunction, 
whereas in inverted structures they are trapped' on opposite sides of 
the hetero junction. This increases the interface field and hence the 
confinement energy and subband separation. Filling of the second subband 
is therefore inhibited in inverted structures.
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F i g . 9 . 8 :  P r e s s u r e  d e p e n d e n c e  o f  t h e  a r e a l  c a r r i e r  d e n s i t y
f o r  t h r e e  t y p e s  o f  h e t e r o s t r u c t u r e .  < 0 > m u l t i p l e  q u a n t u m  
w e l l ;  ( 0 )  s i n g l e  h e t e r o j u n c t i o n  o f  F i g .  9 .  7 b .  ; 
s i n g l e  q u a n t u m  w e l l  o f  F i g .  9 .  5 .
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The observation that changing the carrier density by application of 
hydrostatic pressure and by illumination share some characteristics, 
suggests that there is a common mechanism for the two processes.
In Fig .9.8 is plotted the pressure dependence of the carrier 
concentration normalised to atmospheric pressure for three different two 
dimensional structures .These are a single 100A quantum well and a 16 
period 100A multiple quantum well as well as the hetero junction of 
Fig .9.7b. All these samples have transport properties dominated by 
electrons in the lowest electric subband even at room temperature, the 
quantum wells because of the large subband separation and ' the 
heterojunction because of its low carrier concentration.
The single well and the hetero junction both show strong carrier 
trapout to 15kbar while the multiple quantum well system shows no 
carrier loss with pressure. This again correlates with the observation 
of persistent photoconductivity which is strong in both the 
heterojunction and single quantum well but negligible in the multiple 
well. PPC ceases to be effective in inverted structures if there is a 
conducting layer in the InP between the substrate and the 2DEG. Under 
hydrostatic pressure too there is no change in apparent carrier density 
in samples with parallel conduction between 2DEG and substrate but the 
presence of the parallel conducting path makes quantitative analysis 
difficult. v
It thus seems that carrier loss with, hydrostatic pressure is 
closely related to the mechanism causing PPC at low temperatures in 
GalnAs/InP heterostructures. It appears that some hole trapping 
mechanism associated with the substrate may be responsible. The
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P r e s s u r e  ( k b a r )
Fig. 9. 9: Pressure dependence of "the Hall mobility
for the three heterostructures of Fig, 9. 8 . <.%'> multiple
quantum well; < © >  single heterojunction;
single q u a n t u m  well.
influence of the substrate on the 2D electron concentration is more 
important than is often assumed. Ekenberg (1987) has pointed out that in 
some experiments 2DEG concentrations considerably greater than the total 
areal donor density in the epilayer have been observed. This indicates 
that many electrons must come from unexpected sources, probably the 
substrate.
Consider now the pressure dependence of the mobility at room 
temperature shown in Fig .9.9, For each of the three structures there is a 
fairly strong decrease of mobility with pressure. At room temperature, 
the mobility is dominated by polar optical phonon scattering, the 
influence of alloy scattering being about 10% that of polar phonon 
scattering (Walukiewicz et al. (1984)).
Since carrier loss is occurring with pressure, analysis of the 
mobility behaviour is complicated since p may be expected to be a 
function of both ns and parameters such as m* varying with pressure. 
Fortunately in the multiple quantum well there is no change in ns and we 
attribute the mobility variation in this sample principally to an 
effective mass change. By analogy with three dimensional material, we 
expect the polar phonon frequency to increase with pressure and for this 
to affect the mobility. We estimate a decrease in the pressure 
dependence of the mobility from this effect of about 0.1%/kbar. However, 
changes in the phonon frequency were not considered by Gauthier et al.
(1987) whose pressure coefficient of the effective mass we adopt. Taking 
this into account would reduce the mobility change attributable to the 
increase in effective mass but would also lead to a decrease in the 
pressure coefficient of the effective mass. This will tend to leave the 
effective mass dependence of the mobility as described here, ignoring
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F i g . 9.10: Dependence of mobility on carrier concentration
varied by illumination at 300K for heterojunction sample
of F i g s . 9.8 and 9.9. -
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the change in phonon frequency. Let us assume that p a From k.p
theory we can take l/m*,dm*ydP as constant to 15kbar as is observed in 
bulk semiconductors. We give it a value y so we may write p a n3c‘.i*^p. 
For the multiple quantum well, ns is a constant, and taking the full line 
in Fig,9,9 we obtain =:-0,018/kbar. To determine the n-* dependence of p 
independent of any m* change we have measured the mobility and carrier 
concentration in the hetero junction sample under low illumination. The 
photoconductivity is not persistent at room temperature but has a 
relaxation time of the order of minutes so that steady state changes in 
the carrier density can be produced with low intensity illumination. The 
results of this are shown in Fig .9.10. From this we determine the
exponent a to be 0.22.
Assuming that the effective mass and carrier concentration 
behaviour of the mobility is the same far all three structures, we
obtain the dashed and dot-dashed lines in Fig.9,9 for the predicted
mobility variation with pressure. The agreement with the -experimental 
results is very good, confirming that the mobility dependence on
effective mass is the same in all three structures, at least at room
temperature. There is some deviation from the trend in the 
heterojunction at high pressures the reason for which is not clear but 
may be associated with the 2DEG becoming non-degenerate and the effect 
of pressure on the scattering processes changing. Dur measured
dependence of the mobility on carrier concentration (a = 0.22) is quite
close to that measured by Hirakawa and Sakaki (1986) at 300K (a = 0.3)
in gated GaAs/AlGaAs heterojunctions. The slightly lower value found here 
may be due to the increased importance of alloy scattering in our 
material which is predicted to cause the mobility to decrease with
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increasing carrier density (Bastard (1983)). The carrier density 
dependence of the mobility cannot be described by theories predicting a 
negative value for a (Vinter (1984)), as pointed out by Hirakawa and 
Sakaki (1986) for GaAs/AlGaAs.
Direct comparison of the effective mass dependence of the mobility 
with theory is hampered by the uncertainty of the pressure coefficient 
of the effective mass. Using the value 1%/kbar from Gauthier et al.
(1987) we obtain p a nr**-1 For electrons confined to the lowest
subband, as is the case here, Ridley (1982) predicts a dependence 
p a m*-2 which agrees with our results.
9 . 5 . 1  H IG H  P R E S S U R E -LO W  TEM PERATUR E M EASUREM ENTS
As has been noted, samples showing persistent photoconductivity 
display a variability in carrier density and hence mobility at low 
temperature from run to run depending on cooling rates and illumination 
history. Particularly in the phonon dominated regime where mobility 
changes quickly with temperature, such effects make it very difficult 
to get reliable measurements of mobility as a function of pressure 
since the pressure induced changes are only a few per cent to 8kbar. 
For this reason we concentrate on the multiple quantum well which 
shows no PPC and so gives good reproducibility. The absence of trapout 
with pressure also simplifies the analysis.'* ''Fig.9.11 shows the 
temperature variation of the mobility at different pressures. At all 
temperatures the mobility decreases with increasing pressure.
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Temperature (K )
Fig.9. 11: Temperature dependence of mobility for a
multiple q u a n t u m  well sample at different pressures.
0 — 1 bar; A  -4 k b a r ; # - 5  kbar; V - 8 k b a r .  Solid line is the 
experimental c h a n g e ’ in mobility per kbar. Dashed line is 
the predicted v a r i ation in the pressure coefficient of the 
mobility due to the change in polar phonon frequency with
p r e s s u r e
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It is convenient to consider two regions of temperature - the low 
temperature plateau region and the higher temperature region where 
phonon scattering becomes dominant. Below about 60K, scattering is 
thought to be dominated by alloy scattering and ionised impurity 
scattering and, as little information can be obtained from the 
temperature dependence of the mobility, the pressure dependence may 
provide a good test of scattering theories. The solid curve in Fig.9.11 
is the temperature dependence of the pressure coefficient of the 
electron mobility determined from the experimental data of that figure. 
Starting at the high temperature end of the range, the pressure 
coefficient decreases from the value determined at room temperature. 
This feature we believe to be associated with the pressure dependence 
of the polar optical phonon frequency which is expected to increase 
with hydrostatic pressure. As the phonon energy increases, the dominant 
effect is a reduction in the density of phonons, n(o).z.) which partially 
cancels the mobility reduction caused by the increase in effective mass 
with pressure. As the phonon energy increases, n(G>c,) becomes more 
sensitive to temperature through the Bose-Einstein factor, This means 
that the phonon density is reduced proportionately more at low 
temperatures than at higher temperatures leading to a reduction in the 
pressure coefficient of the mobility, If we take a value 
l/Oo.dOo/dP = 1.9x10~3/kbar obtained for three dimensional material by 
interpolation between measured values for the binary constituents, we 
obtain the dashed curve in Fig.9.11 in good agreement with experiment,
In the temperature range 60-100K, the relative importance of the 
various scattering mechanisms changes and the pressure coefficient of 
the mobility turns over and tends to a constant value for temperatures
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below about 20K. Between 4 and 20K the pressure coefficient is nearly 
constant and again assuming the pressure coefficient of the effective 
mass to be 1%/kbar, we deduce that p a u*-'2.7+o.3)i Qur experimental 
results show a similar pressure dependence of the mobility to that 
observed by Sotomayor Torres et al. (1985) who studied a GalnAs/InP 
heterojunction grown by MBE. The mobility was found to decrease by 
about 25% in 8.8kbar. This would correspond to p a m*:“t : . The 
sample showed evidence of some parallel conduction which may make 
interpretation difficult but indicates that at low temperature, as well 
as at room temperature, the pressure dependence of the 2D electron 
mobility is independent of the structure considered.
Lee et al. (1983) derive expressions for the mobility limited by 
remote and background impurities using a number of models. The 
strongest negative effective mass dependence of the mobility they
obtain is m*-1. Alloy scattering is poorly understood in two dimensions 
but Bastard (1983) has calculated that p a m*~2 . It is thus clear that 
current theory does not predict as strong an effective mass dependence 
of the mobility as our results indicate,
9 . 6  C O N C L U S I O N S
Results of measurements of the electron mobility in two
✓
dimensional systems have been presented both at room temperature and 
down to 41C, We find no differences in the functional dependence of the 
mobility between the various structures and, although accurate
determination of the pressure dependence of the effective mass in
samples more like those studied here is required, our results indicate
153
some shortcomings of current theories of electron scattering in two 
dimensions.
154
In this thesis we have discussed aspects of electron transport in 
III-V semiconductors both as bulk crystals and as components of 
two-dimensional systems. In particular, high hydrostatic pressure has 
been used to probe the electron scattering mechanisms in a way not 
often considered.
In three-dimensional epitaxial InP and GaAs we found that the 
mobility behaviour as temperature and pressure were varied could be 
well described by standard theories of phonon scattering with 
appropriate choice of conduction band deformation potential <6.7eV for 
InP and Q.OeV for GaAs). However as the impurity density was increased 
it became clear that the Brooks-Herring theory of ionised impurity 
scattering was not capable of predicting the behaviour observed. 
Various corrections were considered but good agreement between theory 
and experiment was only obtained when the picture of scattering from 
individual, randomly distributed impurities was abandoned and replaced 
by scattering from a smooth potential, characteristic of the correlated 
impurity distribution during growth. This was found to give good 
agreement with experiment in the region of validity of the model, that 
is for a degenerate electron system. Being restricted to high pressure 
measurements at room temperature while these measurements were being 
made, the samples to which the model is applicable are fairly heavily 
doped. However, significant deviations from standard theory are 
apparent at much lower impurity concentrations, Now that a system for
CHAPTER 10
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
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making high pressure measurements at low temperatures is available, the 
work can be extended to temperatures where ionised Impurity scattering 
is the dominant scattering mechanism and where the model of scattering 
from a correlated impurity distribution is valid for a wider range of 
samples. Such experiments should provide a very good test of the ideas 
discussed in this thesis regarding ionised impurity scattering in doped 
semiconductors.
Another aspect of impurity scattering that has been previously 
discussed theoretically but never directly observed is scattering from 
an impurity central-cell potential. From high pressure measurements at 
room temperature in Si-doped AlGaAs we have demonstrated the presence 
of such scattering and shown that the conditions for its observation 
are fairly restrictive. It therefore seems unlikely that this mechanism 
is responsible far mobility depression in any other than exceptional 
samples. At room temperature the effect is small, being masked by other 
scattering mechanisms. Again, with these measurements, extension to low 
temperatures could be interesting. The importance of polar phonon 
scattering, for instance, will be reduced by this, and the resonance in 
the central-cell scattering rate as a function of pressure will sharpen 
up. This is due to the sharpening of the electron distribution around 
the Fermi energy, which also means that when the resonant level is 
suitably placed, a larger fraction of the electr’oh population will be 
influenced by the level and the mobility reduction will be increased.
Having presented results for three-dimensional material which 
demonstrate the sort of information on electron scattering that high 
poressure experiments can yield, we considered applying the same 
approach to two-dimensional electron systems. Scattering in these
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systems at law temperature is not readily susceptible to investigation 
by temperature-dependent Hall measurements as the mobility is 
temperature independent below about 5OK. Measurements as a function of 
carrier density, using persistent photoconductivity, PPC, are more 
promising but the extra parameter provided by pressure ought to be 
particularly useful.
At room temperature we studied the functional dependence of the 
mobility in a variety of structures in the GalnAs/InP material system. 
This indicated that the behaviour is independent of the shape of the 
confining potential and painted out some differences between 
theoretical prediction and experiment.
The PPC mentioned above is troublesome if reproducible 
temperature-dependent measurements are required, as they are if 
measurements at different pressures are to be made. However, in some 
samples there is no PPC, and considering one of these we have made 
measurements of mobility and carrier concentration as a function of 
temperature at different pressures. The mobility was found to be 
pressure-dependent and the general features of the mobility variation 
could be accounted for although the effective mass dependence of the 
mobility appears not to be well described by theory at low temperature. 
This deduction depends on the value of the pressure coefficient of the 
effective mass which is not well known although there has been a
report of its measurement, This identifies an important element of 
future work- the determination of the pressure coefficient of the
effective mass for samples similar to those studied here which have 
only one subband occupied. This will mean that comparison with theory 
can be made with more confidence.
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In samples which show PPC (and trapout with pressure)
experiments are proceeding in which the sample is cooled down and the
mobility measured as a function. of carrier density by illumination, at
a series of different pressures. Low temperature mobility as a function 
of pressure and at constant carrier density can then be extracted from 
these results, thus extending the range of samples that can be 
investigated. From the results presented here it is clear that the use 
of high pressure applied to two-dimensional systems will provide a
valuable test of theories of electron scattering.
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